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a versatile tool in organic synthesis 
The tricyclo[5.2.1.02>6]deca-4,8-dien-3-one system 2, also briefly designated as 3-oxo-
dicyclopentadiene or tricyclodecadienone, can be considered as a cyclopentadienone 1 in which 
one of the double olefinic bonds is masked in a crossed Diels-Alder adduct with 
cyclopentadiene (Fig. 1.1). 
Fig. lì 
? - ^ 
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Chapter 1 
The fusion of both ring systems can stereochemically be realized in two different ways, leading 
to isomeric endo-tricyclodecadienone 3 and exo-tricyclodecadienone 4. This results in a rigid 
half-sphere shape for the endo-isomer 3, whereas the eAcoisomer 4 is practically linear. 
Fig. 1.2 
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As a consequence of the close spatial proximity and virtually parallel alignment of both 
carbon-carbon double bonds in entio-tricyclodecadienone 3, this compound can undergo two 
chemical transformations which are not feasible for the exo-isomer 4. First, endo-








Secondly, the remarkably facile [jc2+Ji2]-photocyclization resulting in substituted 1,3-
bishomocubanones 7 is typical for the endo-isomer 3 (Scheme 1.1, line B). Further synthetic 
elaboration of the strained polycyclic cage system by ring contractions, ring expansions and 
functional group transformations leads to a variety of cage structures, such as cubane 8, 
General introduction 
homocubane 9, 1,3-bishomocubane 10, and basketane 11, as well as some natural 
products2·3. 
Fig. 1.3 
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The alicyclic cage compounds are highly appropriate structures for investigating 
stereochemical and mechanistic aspects of organic reactions. The intrinsic rigidity of these 
molecules allows, for instance, the study of physical and chemical interactions of functional 
groups as a function of their relative spatial position4. In recent years, in the Department of 
Organic Chemistry of the University of Nijmegen, considerable effort has been devoted to the 
study of the effect of two (different) functional groups in close proximity, as exemplified in 




12 13 14 
Another intriguing aspect of cage compounds is their high energy content. A rather 
futuristic application for bishomocubane 10 is to utilize the combination of its formation via 
photocyclization and the acid- or metal-catalyzed cycloreversion of the cage compound to the 
starting tricyclic photoprecursor as a cycle for energy storage7. From a synthetic point of view 
the photocyclization-cycloreversion sequence is of interest for the preparation of complex 
polycyclic molecules, for example 14, employing cage compounds as synthetic 
intermediates2^8. 
The endo-3-oxo-dicyclopentadienes 3 are valuable photoprecursors for the synthesis of 
cage compounds (vide supra), as well as very attractive starting materials for other synthetic 
purposes because of the presence of functional groups with distinct chemical behavior. The 
norbomene C8-C9 double bond can undergo electrophilic addition reactions9, while a variety of 
Chapter 1 
reactions can be performed at the enone moiety. Most important are the 1,2- and 1,4-
nucleophilic addition reactions10, C2-alkylation and condensation reactions 1 с Ц and C4-
electrophilic substitution reactions". 
The en¿o-tricyclodecadienone system has proven to be a versatile synthon for a large 
number of naturally occurring cyclopentanoids12·13. A most direct route to functionalized 
cyclopentanoids 17 would involve transformation of appropriately substituted cyclopenta-
dienones 1 (Scheme 1.2). This approach, however, is not feasible as cyclopentadienones 1 are 




















7 " Nu 
£ndo-tricyclodecadienones 3 can serve as synthetic equivalents for cyclopentadienones 1 
in which one double bond is masked in the crossed Diels-Alder adduct with cyclopentadiene. 
The remaining enone group can then be subjected to selective transformations to form 
functionalized tricyclodecenones 15. Subsequent [4+2]-cycloreversion, e.g. thermally by 
applying Flash Vacuum Thermolysis (FVT), then regenerates the enone moiety yielding 
functionalized cyclopentenones 16 (Scheme 1.2). The success of this strategy originates from 
the possibility to perform, for instance, nucleophilic addition reactions followed by electrophilic 
trapping of the enolate in a highly regio- and stereoselective manner15. As the 
tricyclodecadienone system is intrinsically chiral, this strategy offers also interesting prospects 
for the synthesis of optically active cyclopentanoids. Examples of cyclopentanoids synthesized 
by the Nijmegen research group, applying this synthetic strategy, are terrein2a-c 18, 
General introduction 
pentenomycin2b 19, epí-penteno-mycin2d-f 20, dihydrosarkomycins2e-h 21, clavulone 26 22, 














1.2 Aim and outline of this thesis 
The aim of the research described in this thesis is to explore the synthetic accessibility of 
enantiopure alicyclic compounds starting from the important and readily available tricyclic 
synthon 24. In order to broaden the synthetic merit of this tricyclodecadienone system for the 
synthesis of biologically valuable structures it was also of interest to introduce a nitrogen atom 
and find an efficient entry to tricyclic enaminones 25. These enaminones 25 can then serve as 
new synthetic precursors for amino-substituted cyclopentanoids 16 and cage compounds 26a. 




a:X = NR1R2 
b: X = CH3, OCH3 
In Chapter 2 the kinetic resolution of mono- and bicyclic Diels-Alder adducts applying 
Sharpless' asymmetric dihydroxylation reaction is reported. It will be demonstrated that the 
-J-
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sequence of dihydroxylation and reductive removal of the diol moiety to restore the alkene 
function is an effective chemical process Unfortunately, the overall results in terms of optical 
resolution are too moderate to be of practical value 
Chapter 3 deals with attempts to resolve the 5-hydroxy-en¿o-tncyclodecadienone 24 
and some of its derivatives in an enzymatic manner Disappointingly, enzymatic acetylation 
using vinyl acetate as the acyl donor could not be accomplished Compound 24 can be 
considered as a vinylogous acid and therefore enzymatic "estenfication" (which also can be 
denoted as an ethenfication) has been studied, however, without much success 
In Chapter 4 the synthesis of a senes of 5-amino-substituted e«i/o-tncyclo[5 2 1 02>6]-
deca-4,8-dien-3-ones 25 is described 
Fig 17 
HNF^R2 cyclohexylamme, η pentylamine, benzylamine, 
pyrrolidine, pipendine, morpholine, di-η butylamine 
It is shown that a dynamic kinetic resolution via an asymmetric desymmetnzation can be 
achieved by applying chiral amines, e g L-prolinol, thereby giving both corresponding 
diastereomenc enaminones 27a and 27b Special attention is paid to the reductive removal of 
the chiral auxiliary to afford optically active parent tricyclodecadienone 28 
Fig 18 
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Chapter 5 deals with the photocyclization of tricyclic enaminones It was found that for 
an efficient [7t2+Ji2]-photocychzation of 5-amino-substituted endo-tncyclodecadienones 25 the 
presence of an electron-withdrawing group (EWG) on the nitrogen atom as in 29 is crucial 
Only when this condition is fulfilled it is possible to obtain amino-substituted pentacyclic cage 
-6-
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compounds 30, otherwise photoreduction of the norbomene double bond is the predominant 
reaction giving, for example, compound 31 In addition, it will be shown that the cage-opening 
reaction of the thus obtained enantiomencally pure amino-substituted cage compounds 30 
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In Chapter 6 the behavior of cage compounds 26 under basic and acidic conditions is 
described Reactions under thermal conditions, both in the presence and in absence of a 
transition metal, are included in this study. 
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OF MONO- AND BICYCLIC 




2.1.1 Diels-Alder methodology 
The Diels-Alder methodology for the synthesis of cyclohexenes and cyclohexene 
derived structures constitutes one of the most versatile and widely used synthetic operations in 
organic chemistry. Innumerable natural product syntheses are based on this [4+2]-cycloaddition 
reaction usually starting from rather simple cycloadducts2. For a successful use of the Diels-
Alder reaction, enantiopure cycloadducts with the desired absolute configuration are of great 
importance. For this reason considerable effort has been devoted to asymmetric Diels-Alder 
cyclizations using chiral dienes and/or dienophiles, or chiral catalysts3. Optical resolution often 




resolution has broadened the synthetic utility of simple Diels-Alder adducts It was shown 
recently that bicyclic ester 1, which is the Diels-Alder adduci of cyclopentadiene and fumarie 
diethyl ester, can conveniently be resolved using pig liver esterase (PLE)4 
Fig 2 1 
(СНг)п _ _ _ t СНг (СНг)п ¿ r er™ ¿ь«*» /b а
в д C02Et ° ° 2 Ε ι C02R 
1(n = 1) 3 4 5(n = 1,R=Et) 7 
2(n = 2) 6(n = 2, R=Me) 
However, the success of such a resolution appeared to be strongly dependent on the nature of 
the substrate and, in fact, failed for adducts 2,4 and 5 
In this chapter the catalytic asymmetric си-dihydroxylation, as recently developed by 
Sharpless and coworkers5,6 (for an introduction see section 2 1 2), will be applied to achieve 
the kinetic resolution of Diels-Alder cycloadducts In this study the adducts 1-7 are used as the 
substrates Most substrates were readily available by the standard protocol of the Diels-Alder 
reaction from the appropriate diene and dienophile4·7·8 Only the preparation of bicyclic mono-
esters 4,5 and 6 deserves some comment 
Reaction of cyclohexadiene with ethyl acrylate gave a 6 1 mixture of ethyl endo- and 
£*o-bicyclo[2 2 2]octene carboxylates The endo-isomer was isolated via a selective 
ìodolactonization of the corresponding mixture of endo/exo-acids*·9 After separation from the 
remaining едго-acid, the lactone was reduced with zinc to give the irufo-carboxylic acid which 
upon estenfication with diazomethane gave pure endo-e&ler 6 The corresponding exo-ester 
could not be obtained pure and is therefore not included in this study In a similar manner, pure 
exo-bicyclo[2 2 l]heptene methyl ester 4 was obtained starting from a 3 1 endo/exo mixture of 
ethyl bicyclo[2 2 l]hept-5-ene 2 carboxylates A sufficient amount of pure endo-eslcr S was 
isolated from the original endo/exo-mwtuK by column chromatography 
2.1.2 Asymmetric dihydroxylation 
A very important and general method for the functionahzation of olefins is the cis-
dihydroxylation mediated by osmium tetroxide10 This oxidation can be performed either 
stoichiometncally or catalytically, in both a symmetric and asymmetric fashion 
In 1992, Sharpless et al5 reported the catalytic version of the asymmetric cis-
dihydroxylation of olefins, for which standardized conditions often can be used The standard 
procedure can be applied for a wide range of olefins, giving high optical yields For the 
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chemistry described in this thesis it is important to note that the thus obtained cii-diols can 
conveniently be reconverted into the originating olefins1 ' This implies that the combination of 
asymmetric cis-dihydroxylation and reconversion to olefins may offer an interesting option for 
the optical resolution of Diels-Alder cycloadducts. 
Some remarks about the mechanism of this cw-dihydroxylation are in place In the 
reaction of osmium tetroxide 8, the olefin 9 is first osmylated to form an osmium(VI)mono 
glycolate ester 10 Currently, it is a matter of debate whether this ester 10 is formed directly by 
a [3+2]-cycloaddition10a'12, or by initial [2+2]-cycloaddition6c·13 leading to a metalla-oxetane 
intermediate 11 and subsequent irreversible rearrangement to the monoglycolate ester 10 
(Scheme 2 1) 


















Under hydrolytic conditions hydrolysis of the glycolate ester 10 occurs by breaking of the 
osmium oxygen bonds, releasing the diol 12 and an osmium(VI)oxo-complex The use of a 
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cooxidant in the reaction reconverts the osmium to the osmium tetroxide level and allows the 
use of osmium in catalytic amounts. Various cooxidants have been used for this purpose. 
Minimal overoxidation is achieved when ferr.butylhydroperoxide14, N-methylmorpholine-TV-
oxide (NMO, Upjohn-process)15 or potassium ferricyanide16 are used. It was known that the 
addition of pyridine and other tertiary amines to the reaction system accelerates the 
osmylation12d. This amine complexation by osmium tetroxide opened the door to an 
asymmetric process13b. 
A dramatic increase in momentum for the catalytic asymmetric dihydroxylation process 
was effected by three key discoveries by Sharpless and coworkers. First, it was found that the 
participation of a second catalytic cycle, exhibiting only low or no enantioselectivity17 and thus 
leading to an overall low enantiomeric excess, can be virtually eliminated by performing the 
reaction under two-phase conditions with K3Fe(CN)g as the stoichiometric reoxidant18. 
Secondly, the reaction rate was increased as much as 50 times by adding methylsulfonamide19. 
This additive considerably accelerates the hydrolysis of the osmium(VI)monoglycolate ester 10 
for all olefins with exception of the terminal ones. On account of this "sulfonamide effect" most 
of the asymmetric dihydroxylation reactions can be carried out at 0°C rather than at room 
temperature, which normally is beneficial to the selectivity20. Finally, the discovery of ligands 
with two independent cinchona alkaloid units attached to a heterocyclic spacer, e.g. phtalazine, 
led to a tremendous enhancement in both the enantioselectivity and the scope of the 
reaction19·21. 
Generally, the best results were obtained with two ligands consisting of phtalazine and 
either two dihydroquinidine 13 or two dihydroquinine 14 moieties, (DHQD)2PHAL 15 and 
(DHQ)2PHAL 16, respectively. The fact that dihydroquinine 14 and dihydroquinidine 13 have 
5 chira] centers of which 4 have opposite configuration makes that they act in practice as if they 
Fig. 2.2 
13R=H:DHQD 14: R=H DHQ 15 L = DHQD: (DHQD)2PHAL 17 DHQD-IND 
16 L = DHQ: (DHQ)2PHAL 
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were enantiomers. This so-called pseudoenantiomeric behavior allows the preparation of either 
enantiomer of the diol, depending on the ligand applied in the asymmetric dihydroxylation 
reaction. 
These findings taken together led to a uniform set of reaction conditions for all 
substrates. The protocol is as follows: a mixture of 300 mol-% K3Fe(CN)ö, 300 mol-% 
K2CO3, 0.4 mol-% K20s02(OH>4 as a non-volatile OsCVsource, and 1 mol-% of the ligand 
are dissolved in water (5 mL/mmol) and ferf.butyl alcohol (5 mL/mmol). If a terminal olefin is 
not the substrate 100 mol-% CH3SO2NH2 is added as well. Depending on the ligand used, 
this pre-mix of reactants is referred to as AD-mix α (for (DHQ)2PHAL 16) or AD-mix β ( in 
case of (DHQD)2PHAL IS). After cooling the reaction mixture to 0°C the olefin can be added. 
The reaction is stopped by quenching with 1200 mol-% Na2S03. This general procedure has 
also been used in this thesis. 
2.2 Kinetic resolution 
2.2.1 Strategy 
In determining which ligand should be used as the chiral auxiliary in the osmium 
tetroxide-catalyzed asymmetric cis-dihydroxylation5, it had to be realized that the substrates 1-7 
are ci'i-disubstituted olefins, which are the most difficult substrates in the dihydroxylation 
Scheme 2.2 
¿tr"** o°c 
H2O / f.BuOH 
C02Et K2Os02(OH)4 
K3Fe(CN)6 
(±) 1 K2CO3 
CH3SO2NH2 
^ ! ^ ~ /beo* . H^ib'00* 
C02Et 
(+) - (2S.3S) 1 





(-) - (2R,3R,5S,6R) 18 
+
 HO^jl3c ^COaEt 
002Et 
(+) - (2S,3S,5R,6S) 18 
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process22. The most widely applied chiral Iigands are the pseudoenantiomers l,4-bis(9-0-
dihydroquinine) phtalazine ((DHQ^PHAL 16) and 1,4-bis(9-0-dihydroquinidine) phtalazine 
((DHQDhPHAL 15), which for сю-olefins usually gave diols with rather low optical 
purities6c·23. Better results were obtained with 9-O-indolinylcarbamoyl dihydroquinidine 
(DHQD-IND 17), an auxiliary especially developed for the asymmetric oxidation of cis-
disubstituted olefins24. However, this ligand seems to be effective only for non-cyclic cis-
olefins since the dihydroxylation of indene, the only сй-olefin studied with the double bond 
incorporated in a ring system, gave the corresponding cis-diol with an enantiopurity of 16% 
only25. 
Attempts to improve the asymmetric dihydroxylation of m-olefins by variation of the 
Iigands only led to asymmetric inductions comparable to those obtained with DHQD-IND, 
(DHQhPHAL and (DHQD)2PHAL Iigands26. Recently, Takano et al.21 obtained satisfactory 
results for a meso-cyclic diene, using the latter two chiral auxiliaries. These results gave reason 
for the present study to first establish the effectiveness of all three Iigands mentioned above in 
the asymmetric dihydroxylation of си-alkenes 1-7. Diethyl bicyclo[2.2.1]hept-5-ene-/nzns-
dicarboxylate 1 was selected as the model compound (Scheme 2.2). 
Table 2.1: Kinetic resolution of racemic 1 via asymmetric dihydroxylation under different 








































recovered olefin 1 
[a]D20 
(c, in CHCI3) 





























obtained diol 18 
[a]D20 































 A: (DHQ)2PHAL; B: (DHQD)2PHAL; C: DHQD-IND. The amounts of the components necessary for the 
asymmetric dihydroxylation, other than the ligand, are described in the general procedure. The number of 
equivalents of the ligand used (0.01 equiv. (DHQ)2PHAL normally present in the AD-mix α and 0.01 equiv. 
(DHQD)2PHAL in the AD-mix β) was laken relative to the initial amount of olefin. b Isolated chemical yields. c 
Enantiomeric excesses were determined by 'H-NMR experiments using Eu(hfc)3 as chiral shift reagent and 
correlating the measured optical rotations. d The amounts of all AD-reagents were halved, corresponding to 0.5 
equiv. of AD-mix a. e This optical rotation is not entirely correct as the recovered olefin could not be purified 
further than 95% purity according to GC. 'The relative amounts of both the ligand and the osmium reagent were 
increased five-fold (entry 5) and ten-fold (entry 6), respectively. 8 No attempts were made to obtain the olefin and 
diol separately. n 0.02 equiv. is the recommanded relative amount for DHQD-IND^·^". 
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The results collected in Table 2.1 show that both the rate of the dihydroxylation and the 
optical yield are very low when only half of an equivalent of the AD-mix is applied (Table 2.1, 
Entry 1). Better results were obtained when the usual amount of the ligand (0.01 eq.) was used 
(Table 2.1, Entry 2). However, the enantiopurity of the remaining olefin 1 is still low at a 
conversion of 73%. Slightly better results were obtained with (DHQD)2PHAL as a ligand 
(entries 3 and 4). This observation is a generally encountered tendency.6 After 7.5 h 50% 
conversion was reached and both recovered olefin 1 and the corresponding diol 18 were 
obtained in 20% ее. A nearly complete conversion was observed after 16 h. Even at this high 
conversion the optical purity of recovered olefin 1 remained disappointingly low. A five- or a 
ten-fold increase of the combination of ligand (DHQD)2PHAL and the osmium reagent relative 
to the other components of the AD-mix led to a much faster dihydroxylation of 1, however, 
without improvement of the enantioselectivity (Table 2.1, Entries 5 and 6). With DHQD-IND 
as the chiral auxiliary both the rate of dihydroxylation and the enantioselectivity are comparable 
with those observed for (DHQDhPHAL (Table 2.1, Entries 7 and 8). 
These results show that dihydroxylation of bicyclic alkenes such as 1 using AD-mix is 
possible albeit with modest enantioselectivity. Based upon the outcome of the above 
experiments the asymmetric dihydroxylation of mono- and bicyclic olefins 2-7 was investigated 
by taking one equivalent of AD-mix β containing the relative amounts (DHQD)2PHAL and 
K20s02(OH)4 as recommended5. 
2.2.2 Dihydroxylation of Diels-Alder adducts 
The dihydroxylations of mono- and bicyclic olefins 1-7 were generally carried out until 
a conversion of about 50% had been reached. The progress of the reaction was followed by gas 
chromatography and the conversion was determined as the quotient of the absolute amount of 
the produced diol and the sum of the absolute amounts of the diol and the remaining olefin. 
Comparison of the analytical GC values with the isolated amounts of olefins and diols clearly 
showed that it was absolutely necessary to calibrate the GC response. This calibration was 
performed for olefin 1 and diol 18, resulting in two calibration lines with an excellent 
correlation factor (Rr=0.99991) and linearity over the whole dynamic range. As expected the 
response factor for the olefin 1 was higher than for diol 18, giving a quotient of 0.622. It is 
noteworthy that upon extrapolation of the calibration curve of diol 18 there was a dead volume, 
which can only be explained by assuming that a fixed amount of the diol remains on the 
column. Decomposition is not likely as the peaks of the diols are perfectly sharp and 
symmetrical. For all sets of olefins and diols the degrees of conversion, as collected in Tables 
2.1 and 2.2, were calculated with correction for the response difference and the dead volume of 
the diol determined for olefin 1 and diol 18. This is legitimate because of the close analogy of 
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the olefins 1-7 and their corresponding diols (Table 2.2). The calculated degrees of conversion 
were in accordance with the isolated amounts of olefins and diols. 
Table 2.2: Kinetic resolution of various olefins via asymmetric dihydroxylation applying one 
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 Absolute configurations of the olefinic substrates were determined by comparing the sign of the measured 
optical rotation with the values reported in literature4 '7·2 9. The absolute configuration of the corresponding diol 
is opposite to that of the olefin. ° Isolated chemical yields. c Enantiomeric excesses were determined by Ή -
NMR experiments using Eu(hfc)3 as chiral shift reagent. d The absolute configurations of olefin 3 and the 
corresponding diol are unknown. The drawn configurations were arbitrarily chosen. e No accurate values were 




The structures of the diols 18-24 were established by 'H-NMR spectroscopy. For all 
bicyclic esters these dihydroxylations are completely diastereoselective as the result of steric 
blocking of one face of the olefinic unit either by an ester function or by an ethylene bridge, 
which is sterically more demanding than a methylene bridge. Hence, dihydroxylation of 
bicyclic esters 1,2,4,5 and 6 exclusively gave ело-diols 18,19,21,22 and 23 (Table 2.2). 
The eaco-structure of diols 18,19,21,22 and 23 was unambiguously proven by ]H-NMR 
studies. 2D-NOESY-Experiments (Nuclear Overhauser Effect) on diol 23 showed that there is 
a clear NOE-contact between the hydroxyl protons and H 7
s y n , the bridge proton in im­
position with respect to both hydroxy functions. Furthermore, proton Нз
і е п
а 0 has a strong 
NOE-contact with H5 and/or Нб, the protons geminai to the alcohol functions. Of the 
aforementioned olefins compound 4 has the double bond sterically least hindered for endo-
attack and yet no endo-dihydroxy derivatives of 10 have been found for diol 23, allowing to 
state that diols 18,19,21,22 and 23 all have the exo-à\o\ structure. 
Enantioselective dihydroxylation of the cyclohexene /ranj-diester 3 led to just one pair 
of diastereomeric diols 20. Only for cyclohexene ester 7 a 2:1 mixture of diastereomeric diols 
24 was formed. Apparently, the ester function in 7 does not shield one of the olefinic faces to 
such an extent that complete diastereoselectivity is attained here. 
The data collected in Table 2.2 show that all substrates 1-7 underwent dihydroxylation 
with AD-mix β although at rather low rates. The highest conversion rates were observed for the 
monocyclic olefins 3 and 7. In the bicyclic series the experimental data clearly show that an 
increase of the bridge size slows down the dihydroxylation reaction (compare Table 2.2, entries 
3, 4 and 8, 9). These observations may be explained by the increased steric bulkiness at the 
convex face of the olefinic unit in going from cyclohexenes to bicyclo[2.2.1]heptenes to 
bicyclo[2.2.2]octenes. As expected, only small differences in rate were observed for the mono-
and diester of the cycloalkenes. 
The enantioselectivity observed for the asymmetric dihydroxylation reaction is rather 
disappointing in all cases. At about 50% conversion modest optical yields up to 41% for the 
remaining olefin (Table 2.2, Entries 6, 7 and 10) and up to 20% for the newly formed diol 
(Table 2.2, Entries 4 and 10) were obtained. The stereoselectivity factor s, which correlates the 
conversion and the enantiomeric excess30, varies from 1.1 to 2.5 for Entries 1-12 (Table 2.2), 
and this is far too low to make these dihydroxylation reactions attractive for optical resolution 
purposes. The stereoselectivity factor s is equal to the relative rate k
re
| and to the enantiomeric 






where С is the percent conversion/100 and ее is the percent enantiomeric excess of the 
recovered starting material/100. The poor enantioselectivity observed here seems to be typical 
for kinetic resolutions via the asymmetric dihydroxylation methodology because thusfar only 
comparably low s-values were obtained6·220·31. Better results were achieved so far only with 
the double-helical fullerene C7632. 
For the structures 1-7 the enantiofacial differentiation is apparently too small for 
effective chiral induction using AD-mix β. The stereogenic centers which cause the chiral 
dissymmetry of these cyclic olefins are probably too far away from the reaction centre ('meso-
effect'24). Interestingly however, there is some distinct influence of the configuration of these 
remote chiral centers on the transition state as illustrated by the significant differences in optical 
yields between the enantioselective dihydroxylation of the exo- and en¿o-bicyclo[2.2.1]heptene 
monoester (Table 2.2, Entries 9 and 10). 
2.2.3 Reconversion 
Although the asymmetric dihydroxylation of cycloalkene esters does not yet fulfil the 
requirements for a practical resolution of Diels-Alder adducts, an effective procedure for the 
reconversion of the diol function to the alkene without loss of optical integrity was established 
Scheme 2.3 
un к 1. Ph2 PCI, l 2 , imidazole К M U V / ^ - i toluene, reflux, 2 h П^т 
H O v¿JL^£c0 2 Et ^JL^COsEI 
CC^Et 2. Zn, reflux, 1 h ¿ ^ 
c.y.=90% 
(+) - (2S,3S,5R,6S) 18 (+) - (2S.3S) 1 
(Scheme 2.3). Diol (+)-18 (ее = 20%) which was chosen as the model compound, was treated 
with chlorodiphenyl phosphine and iodine11 to give the vicinal iodo diphenylphosphinate that 
was not isolated but immediately reductively eliminated with zinc to afford alkene (+)-l in an 
excellent overall yield of 90%. The optical purity of this alkene was fully retained thus no 
racemization had occurred during this eliminative process. 
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2.3 Concluding remarks 
It has been demonstrated that the sequence of dihydroxylation of cyclic olefins and 
reductive reconversion of the diol moiety to the originating alkene function is an efficient 
chemical process which, in principle, allows optical resolution of cycloalkenes produced by the 
Diels-Alder methodology However, the enantioselectivity of the asymmetric dihydroxylation 
of a range of Diels-Alder adducts using AD-mix β is too low to be of practical value. More 
effective osmium ligand complexes are required Following the sequence as described above, 
alkene 1 was obtained with an optical purity of 20% starting from racemic 1. 
So far no bicyclic diols, either completely or partially resolved, have been reported. 
With the exception of diols 22 and 23 3 3 the resulting diols have not been described previously. 
2.4 Experimental 
General remarks 
Melting points were measured with a Reichert Thermopan microscope and are uncorrected IR spectra 
were taken on a Perkin Elmer 298 infrared spectrophotometer FT-IR spectra were determined on a Biorad WIN-
IR FTS 25 spectrophotometer 'H- and '3C-NMR spectra were recorded on a Bruker AM-400 and a Bruker AC-
100 at T=298K unless stated otherwise Chemical shifts are reported relative to Me4Si For mass spectra a 
double focussing VG 7070E mass spectrometer was used Optical rotations were measured with a Perkin Elmer 
241 Polarimeter GLC was conducted with a Hewlett-Packard HP5890II gas Chromatograph, using a capillary 
column (HP1, 25m χ 0 31mm χ 0 17μπι), a temperature program from 100-250°C at 15°C/min followed by 10 
mm at 25СГС (isothermal), and nitrogen at 2 mL/min (0 5 aim) as the earner gas 
Hash chromatography was carried out at a pressure of ca 15 bar, using Merck Kieselgel 60H Column 
chromatography at atmospheric pressure was performed using Merck Kieselgel 60 Thin layer chromatography 
(TLC) was earned out on Merck precoated silicagel 60 F254 plates (0 25 mm) using the eluents indicated Spots 
were visualized with UV, iodine or a molybdate spray Solvents were dried using the following methods 
dichloromelhane and hexane were distilled from CaH2, diethyl elher was distilled from NaH, ethyl acetate was 
distilled from potassium carbonate, toluene was distilled from sodium, THF was distilled from lithium 
aluminum hydndejust before use All other solvents were of analytical grade 
Diethyl bic)clo¡2 2 l]hept-5 ene \ians-2,3-dicarboxylate (1) 
Freshly cracked cyclopentadiene (10 1 g, 0 153 mol) was added to a solution of diethyl fumarate (20 1 g, 0 117 
mol) in benzene (100 mL) After 24 h stirring at room temperature the solvent was evaporated in vacuo 
Purification of the residue by distillation (0 3 mmHg, 108°C) furnished 1 (24 53 g, 88%) as a yellowish oil 
'H-NMR (400 MHz, CDCI3, ppm) δ 6 28 (dd, 3J=3 2 Hz, 3J=5 6 Hz, IH, H5 or H6), 6 07 (dd, 3J=2 8 Hz, 
3J=5 6 Hz, IH, H5 or H6), 4 17 (q, 3J=7 0 Hz, 2H, 0-CH2-), 4 10 (dq, 3J=7 0 Hz, 3J=2 0 Hz, 2H, 0-CH2-). 
3 37 (t, 3J=4 1 Hz, IH, H3), 3 26 (s, IH, H] or H4), 3 12 (s, IH, Hi or H4), 2 67 (dd, 3J=4 5 Hz, 3J=1 6 Hz, 
IH, H2), 1 62 A of AB (d, 3J=8 7 Hz, IH, H7), 1 45 В of AB (dd, 3J=8 7 Hz, 3J=1 6 Hz, IH, H7), 1 28 (I, 
3J=7 0 Hz, 3H, -CH3), I 26 (t, 3J=7 0 Hz, 3H, -CH3), ,3C-NMR (100 MHz, CDCI3, ppm) δ 174 4 and 173 3 
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(s, C=0), 137 5 and 135 0 (d, C5 and C6), 60 8 and 60 5 (t. 0-CH2-). 47 9, 47 7. 47 2 and 45 7 (d, Ci, C2, C3 
and C4), 47 2 (I, C7), 14 2 (q, -CH3), IR (CCI4, cm'1) 3070 (C-Η, unsat ), 1730 (C=0), MS (EI, ml?) 239 
(M+ + H), 193 (M+ - OEt), 173 (M+ - C5H5), 165 (M+ - COOEt), 66 (C5H6 +), HRMS/EI m/z calculated for 
C13H18O4 238 1205 amu Found 238 I2055±0 00069 amu 
[ a ] D 2 0 see Table 2 1 
Diethyl bicyclo[2 2 2]oct-5-ene-\im%-2,3-dicarboxylate (2) 
Diethyl fumante (4 39 g, 25 5 mmol) was added to an excess of freshly distilled 1,3-cyclohexadienc (10 1 g, 126 
mmol) After 24 h stimng at room temperature the reaction mixture was concentrated in vacuo Purification of 
the residue by distillation (0 1 mmHg, 109°C) furnished 2 (5 13 g, 80%) as a colorless oil 
! H - N M R (400 MHz, CDCI3, ppm) δ 6 38 (ps t, 3J=7 9 Hz, IH, H5 or H6), 6 19 (ps t, 3J=7 9 Hz, IH, H5 
or H6), 4 19 (q, 3J=7 I Hz, 2H, 0-CH 2), 4 10 (q, 3J=7 1 Hz, 2H, O C H 2 ) , 3 14 (m, IH, H2), 3 02 (m, IH, 
H ( or H4), 2 96 (m, IH, Hi or H4), 2 88 (m, IH, H3), 1 63 (m, IH, H7 or Hg), 1 50 (m, IH, H7 or Hg), 1 31 
(m. IH, H7 or Hg), 1 28 (t, 3J=7 1 Hz, 3H, -CH3), 1 25 (t, 3J=7 1 Hz, 3H, -CH3), 1 13 (m, IH, H7 or Hg), 
13C-NMR (100 MHz, CDCI3, ppm) δ 174 2 and 173 9 (s, C=0), 134 5 and 132 3 (d, C5 and C6), 60 7 and 
60 6 (t, 0-CH2-), 45 9 and 45 2 (d, C3 and C2), 32 5 and 32 4 (d, C 4 and C\), 24 4 and 20 3 (I, C 7 and Cg), 
14 2 (q, -CH3), IR (CC14, cm'1) ν 3050 (C-Η, unsat ), 1725 (C=0), MS (EI, m/z) 253 (M+ + H), 207 (M+ -
OEt), 179 (M+ - COOEt), 173 (M+ - C6H7), 80 (C6Hg+), HRMS/EI calculated for C i 4 H 2 0 O 4 252 13616 
amu Found 252 1362210 00073 amu 
[ « I D 2 0 = -5 2° (c=l 08, CHCI3), corresponding with 11% enantiomeric excess as determined by Ή-NMR 
experiments using Eu(hfc)3 as chiral shift reagent 
Diethyl cyclohex-4-ene-trans-l,2-dicarboxylale (3) 
One equivalent of aluminum trichloride (26 6 g, 0 2 mol) was added to a solution of diethyl fumarate (34 4 g, 
0 2 mol) in benzene (100 mL) The reaction vessel was equipped with a reflux condenser, cooled to -80°C and 
directly connected to a gas cylinder containing 1,3-butadiene Slowly condensing the gas while the reaction 
mixture was well stirred resulted in a slightly exothermal reaction After I 5 h the excess of 1,3-butadiene was 
allowed to evaporate Then the reaction mixture was diluted with ethyl acetate (250 mL) and extracted three times 
with water The combined water layers were extracted again with ethyl acetate The organic fractions were dried 
over Na 2 S0 4 and concentrated ¡n vacuo The residue was purified by distillation (0 07 mmHg, 83-85°C) yielding 
3 (28 7 g, 63%) as a yellowish liquid 
Ή-NMR (400 MHz, CDCI3, ppm) δ 5 69 (d, 3J=2 7 Hz, 2H, H 4 and H5), 4 15 resp 4 14 (2q, 3J=7 2 Hz, 
4H, 0-CH2-), 2 84 (m, 2H, H! and H2), 2 44 resp 2 40 A of AB (m, 2J= 15Hz, 2H, H3 and H6), 2 19 resp 
2 16 В of AB (m, 2J=15 Hz, 2H, H3 and H6), 13C-NMR (100 MHz, CDCI3, ppm) δ 174 8 (s, C=0), 124 9 
(d, C 4 and C5), 60 5 (t, -0-CH2-), 41 2 (d, C] and C2), 27 9 (t, C3 and C6), 14 1 (q, -CH3), IR (ССЦ, cm ') 
ν 3035 (C-Η, unsat ), 1730 (C=0), MS (EI, m/z) 226 (M+), 181 (M+ - OEt). 152 ( M + - OEt - Et), 79 
(СбН7+), HRMS/EI m/z calculated for C] 2 Hig0 4 226 1205 amu Found 226 12040+0 00066 amu 
[ a ] D 2 0 = +50 ·° (c=l 06, CHCI3), corresponding with 41% enantiomeric excess as determined by Ή-NMR 
experiments using Eu(hfc)3 as chiral shift reagent 
Methyl bicyclo¡2 2 1 lhept-5-ene-exo-2-carboxylate (4) and 
ethyl bicyclo[2 2 1 ]hept-5-ene-caào-2-carboxylate (5) 
Ethyl acrylate (2 0 g, 20 0 mmol) was added to an excess of freshly cracked cyclopentadiene (5 3 g, 80 0 mmol) 
After 24 h stimng at room temperature the excess of cyclopentadiene was evaporated m vacuo, resulting in a 3 1 
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mixture of ethyl bicyclo[2 2 l]hept-5-ene-emfo- and едю-2-carboxylate Flash chromatography (n hexane ethyl 
acetate = 40 1) resulted in the isolation of pure ethyl bicyclo[2 2 l]hept-5-ene-en<&>-2-carboxylale S as a yellow 
liquid (1 99 g, 60%) Despite several attempts the corresponding ejco-isomer could not be purified by 
chromatography Therefore, the reaction was repeated at a larger scale and the separation was performed by 
lodolactonization 
Ethyl acrylate (27 16 g, 0 27 mol) and freshly cracked cyclopentadiene (71 23 g, 1 08 mol) were stirred at room 
temperature for 24 h After evaporation of the excess of cyclopentadiene in vacuo the 3 1 mixture of the ethyl 
esters was hydrolyzed by stirring it for 24 h in a 2 4 N KOH-solution in methanol (7S0 mL) The reaction 
mixture was acidified with aqueous HCl to pH 3-4, diluted with water and extracted with diethyl ether 
Evaporation of the organic phase resulted in a brown oil (30 S g, 82%) In order to selectively lactonize the endo-
isomer the mixture of the corresponding acids (IS g, 0 11 mol) was dissolved in methanol (SO mL) and 
chloroform (IS mL) and neutralized to pH 7-8 by means of a 20% solution of NaOH (aq ) and a saturated aqueous 
solution of ЫаНСОз From a stock solution of iodine and iodide in water (SO g І2 and 100 g KI in 300 mL 
water) a small excess of iodine was added and the reaction mixture was stirred for 20 h at room temperature 
Extraction of the slightly basic reaction mixture with chloroform was performed in order to remove the lactone 
After treatment with an excess of Na2S2Û3 and acidification of the aqueous phase with HCl it was extracted 
again with chloroform The organic layer was dried over Na2SC<4 and concentrated in vacuo resulting in the 
isolation of the exo-acid (3 31 g, 22%) A freshly prepared 0 3 N solution of diazomethane in diethyl ether (85 
mL) was added to the crude exo-äcid (3 0 g), dissolved in dichloromethane (100 mL) After 2 h stirring at room 
temperature the excess of diazomethane was removed by passing nitrogen through the reaction mixture 
Evaporation of the solvents in vacuo resulted in the isolation of the exo-methyl ester 4, which was purified by 
flash chromatography (л hexane ethyl acetate = 6 1), resulting in 2 85 g of 4 as a yellow liquid (86%) 
4 'H-NMR (400 MHz, CDCI3, ppm) δ 6 14 (dd, 3J=2 9 Hz, 3J=5 6 Hz, IH, H5 or H6), 6 10 (dd, 3J=3 0 Hz, 
3J=5 6 Hz. IH, H5 or H6), 3 69 (s, 3H, O-CH3), 3 04 (br s , IH, Hi), 2 92 (br s , IH, H4), 2 23 A of AB (dd, 
2J=10 0 Hz, 3J=4 5 Hz, IH, H3), 1 92 (m, IH, H2), 1 52 A of AB (d, 2J=8 6 Hz, IH, H7), 1 37 (m, 2H, H3 
and H7), l3C-NMR (100 MHz, CDCI3, ppm) δ 176 7 (s, C=0), 138 0 and 135 7 (d, C5 and C6), 51 7 (q, O-
CH3), 46 3 (t. C3), 46 5 (d, C2), 43 0 and 41 6 (d, C\ and C4), 30 3 (t, C7), IR (CCI4, cm"1) ν 3065 (C-H, 
unsat ), 1730 (C=0), MS (EI, m/z) 152 (M+), 121 (M+ - OMe), 93 (M+ - COOMe), 66 (C 5H 6 +), HRMS/EI 
m/z calculated for C9H12O2 152 08373 Found 152 08369±0 00075 amu 
[ α ] β 2 0 = +6 3° (c=0 99, CHCI3), corresponding with 35% enantiomeric excess as determined by Ή-NMR 
experiments using Eu(hfc)3 as chiral shift reagent 
5 lH-NMR (400 MHz, CDCI3, ppm) δ 6 19 (dd, 3J=3 1 Hz, 3J=5 6 Hz, IH, H5 or H6), 5 93 (dd, 3J=2 8 Hz, 
3J=5 6 Hz, IH, H5 or H6), 4 08 (m, 2H, O-CH2). 3 20 (br s , IH, H]), 2 93 (m, 2H, H2 and Н4), 1 90 (m, 
IH, H3). 1 42 (m, 2H, H3 and Н7), 1 27 (m, IH, H7), 1 23 (t, 3J=7 1 Hz, ЗН, -СН3), 13C-NMR (100 MHz, 
CDCI3, ppm) δ 174 8 (s, C=0), 137 7 and 132 3 (d, C 5 and Ce), 60 1 (t, 0-CH2-), 49 6 (t, C3), 45 7, 43 3 
and 42 5 (d, C,, C 2 and C4), 29 2 (t, C7), 14 3 (-CH3), IR (CCI4. c m 1 ) ν 3060 (C-Η, unsat ), 1735 (C=0) 
cm
1
, MS (El, m/z) 166 (M+), 121 (M+ - OEt), 93 (M+ - COOEt), 66 (C5H6 +), HRMS/EI m/z calculated for 
C10H14O2 166 09938 amu Found 166 09965±0 00077 amu 
[Œ]D 2 0 = -16 3° (c=0 93, CHCI3), corresponding with 14% enantiomeric excess as determined by •H-NMR 
experiments using Eu(hfc)3 as chiral shift reagent 
Methyl bicyclo[2 2 2]oct-5-ene-endo-2-carboxylale (6) 
Ethyl acrylate (S 22 g, 52 mmol) was added to an excess of 1,3-cyclohexadiene (20 9 g, 261 mmol) After 24 h 
heating at reflux the excess of cyclohexadiene was evaporated in vacuo, resulting in a 6 1 mixture of the ethyl 
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bicyclo[2 2 2]oct-5-ene-«i</o- and the ejco-2-carboxylate (5 74 g, 61%) The mixture of ethyl esters (5 74 g, 31 8 
mmol) was hydrolyzed by stirring for 18 h in a 2 4 N KOH solution in methanol (150 mL) The reaction 
mixture was acidified with aqueous HCl to pH 3-4, diluted with water and extracted with diethyl ether The 
organic fractions were extracted with bnne, dried over Na2SÛ4 and concentrated in vacuo, resulting in a brown 
oil In order to selectively lactonize the endo-acid the oil was dissolved in methanol (25 mL) and chloroform (10 
mL), and neutralized to pH 7-8 by means of a 20% solution of NaOH (aq ) and a saturated solution of NaHCC-з 
(aq ) From a stock solution of iodine and iodide (aq ) (5 g I2 and 10 g KI in 30 mL water) a small excess of 
iodine was added and the reaction mixture was stirred for 20 h Extracting the reaction mixture with chloroform, 
drying the organic fraction over NajSC^ and evaporation of the volatiles resulted in the isolation of the lactone 
(6 71 g, 76%) The aqueous phase was treated with Na2S2Û3 (2 g) and acidified to pH 3-4 Extraction with 
chloroform, drying the organic fraction over Na2SC>4 and evaporation of the solvent furnished a mixture of the 
endo- and the едго-acid The crude lactone (6 70 g, 24 1 mmol) was dissolved in acetic acid (50 mL) and treated 
with zinc powder (10 g) The suspension was stirred for 3 h at room temperature and subsequently filtrated over 
celite, washed with hot water and extracted with diethyl ether The endo-acid was obtained by drying the organic 
fraction over Na2SC>4 and concentration in vacuo A freshly prepared 0 3 N solution of diazomethane in diethyl 
ether (100 mL) was added to the crude endo-acid, dissolved in diethyl ether (30 mL) After 2 h stirring at room 
temperature the excess of diazomethane was removed by passing nitrogen through the reaction mixture 
Evaporation of the solvents in vacuo resulted in the isolation of the e/wfo-methyl ester 6, which was purified by 
flash chromatography (n hexane ethyl acetate = 10 1), resulting in 2 79 g of 6 as a colorless oil (70% with 
respect to the lactone) 
•H-NMR (400 MHz, CDCI3, ppm) δ 6 32 (ps t, 3J=7 3 Hz, IH, H5 or H6), 6 15 (dd, 3J=7 3 Hz, IH, H5 or 
H6), 3 64 (s, 3H, O-CH3), 2 92 (m, IH, H2), 2 62 (m, 2H, Hi and H4), 1 23-1 78 (m, 6H, H3, H7 and H8), 
13C-NMR (100 MHz, CDCI3, ppm) δ 176 0 (s, C=0), 135 2 and 131 3 (d, C5 andC6), 51 6 (q, O-CH3), 42 7 
(d, C2), 32 5 and 29 4 (d, Ci and C4), 29 7 (t, C3), 25 4 and 24 4 (t, C 7 and Cg), IR (CCI4, cm ') ν 3055 (C-
H, unsat), 1735 (C=0), MS (EI, m/z) 166 (M+), 135 (M + - OMe), 107 ( M + - COOMe), 80 (C6Hg+), 
HRMS/EI m/z calculated for С10H14O2 166 09938 amu Found 166 09949Ю 00077 amu 
[<X]D 2 0 = -2 5° (c=l 11, CHCI3), corresponding with 10% enantiomeric excess as determined by Ή-NMR 
experiments using Eu(hfc)3 as chiral shift reagent 
Ethyl cyclohex-3-ene carboxylate (7) 
The synthesis of 7 was performed in the same way as described before for 3, with the exception that ethyl 
acrylate (20 0 g, 0 2 mol) was used After two hours the reaction was complete Standard work-up resulted in a 
quantitative yield of pure 7 (30 6 g) 
'H-NMR (400 MHz, CDCI3, ppm) δ 5 68 (s, 2H, H3 and Н4), 4 14 (q, 3J=7 1 Hz, 2H, O-CH2), 1 6-2 7 (m, 
7H, Hi, H2, H5 and H6), 1 25 (t, 3J=7 1 Hz, 3H, -CH3), ,3C-NMR (100 MHz, CDCI3, ppm) δ 175 9 (s, 
C=0), 126 6 and 125 3 (d, C3 and C4), 60 2 (t, 0-CH2-), 39 3 (d, Ci). 27 4, 25 1 and 24 4 (l, C2, C5 and C6), 
14 2 (q, -CH3), IR (CCI4, cm"1) ν 3030 (C-Η, unsat ), 1730 (C=0), MS (El, m/z) 154 (M+), 108 (M+ -
ElOH), 80 (C6Hg+), HRMS/EI m/z calculated for C9H14O2 154 09938 amu Found 154 09941+0 00090 
amu 
General procedure for the asymmetric dihydroxylatton 
All dihydroxylation reactions were performed at a scale of 5 mmol of olefin 
Three equivalents of K3Fe(CN)6 (4 94 g, 15 mmol), 3 0 equiv of K2CO3 (2 07 g, 15 mmol), 1 0 equiv of 
CH3SO2NH2 (0 48 g, 5 mmol), 0 01 equiv of (DHQD)2PHAL (0 039 g, 0 05 mmol), and 0 002 equiv of 
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K20s02(OH)4 (0 0017 g, 0 01 mmol) were dissolved in water (25 mL, 5 mL/mmol) and t BuOH (25 mL, 5 
mL/mmol) This heterogeneous solution was cooled to 0°C and 1 equiv of olefin (5 mmol) was added to the 
suspension in one portion. After stirring the reaction mixture at 0°C for a number of hours as indicated in Tables 
2 1 and 2 2 the reaction was quenched by adding 12 equiv of Na2SC>3 (7 5 g, 60 mmol) and the reaction mixture 
was stirred for an additional hour at room temperature Subsequently the reaction mixture was diluted with ethyl 
acetate (50 mL) and extracted with water (3x) The aqueous fractions were then extracted with ethyl acetate (3x) 
The combined organic layers were concentrated in vacuo, the residue dissolved in diethyl ether and extracted with 
water (lx) and bnne (Ix) Then the ether fraction was dried over Na2SC>4 and concentrated m vacuo, resulting in 
a mixture of the starting olefin and the corresponding diol 
Diethylexofixo-t.ó-dihydroxybicycloft 2 l¡heptane-tia.ns-2,3-dicarboxylate (18) 
The mixture of olefin 4 (n=l) and diol 18 was separated by flash chromatography, starting with η hexane ethyl 
acetate = 5 1 After the olefin had eluted the eluent was changed to η hexane ethyl acetate = 1 5 Diol 18 was 
isolated as a white crystalline compound 
Mp 37 39°C, 'H-NMR (400 MHz, CDCI3, ppm) δ 4 16 (overlapping q, 3J=7 0 Hz, 4H, 0-CH2-), 3 85 A of 
AB (d, 3J=5 7 Hz, IH, H5 or H7), 3 76 В of AB (d, 3J=5 7 Hz, IH, H5 or H7), 3 49 (br s , IH, -OH), 3 39 
(brs , IH, -OH), 3 19 (t, 3J=5 1 Hz, IH, H2), 2 70 (d, 3J=5 4 Hz, IH, H3), 2 55 (d, 3J=3 5 Hz, IH, Hj), 2 48 
(s, IH, H4), 1 86 A of AB (d, 2J=11 0 Hz, H9), 1 42 В of AB (d, 2J=11 0 Hz, H9), 1 28 (t, 3J=7 0 Hz, 3H, 
-CH3), 1 26 (t, 3J=7 0 Hz, 3H, -CH3), 13C-NMR (100 MHz, CDCI3, ppm) δ 173 7 and 173 6 (s, C=0), 73 2 
and 70 0 (d, C 5 and C6), 61 14 and 61 06 (t, 0-CH2), 48 3, 46 4, 46 1 and 44 8 (d, Ci, C2, C3 and C4), 31 6 
(t, C7), 14 1 (q, -CH3), IR (CCI4, cm"1) ν 3400 (O-H), 1725 (C=0), MS(EI, m/z) 254 (M+- H20), 227 (M+ 
- Ofct), 198 (M+ - COOEt-H), 82 (C5H60+), HRMS/EI m/z calculated for C13H18O5 (M+ - H 2 0) 254 1154 
amu Found 254 11534 ±0 00073 amu 
[CC]D20 see Table 2 1 
Diethyl ex.o,exo-5,6-dihydroxybicyclo[2 2 2]octane-tians-2,3-dicarboxyUite (19) 
The mixture of olefin 2 and the corresponding diol was separated by flash chromatography, as described for 18 
The diol was obtained as a waxy compound 
Ή NMR (400 MHz, CDCI3, ppm) δ 4 16 (overlapping q, 3J=7 1 Hz, 4H, 0-CH2-), 3 97 A of AB (dd, 2J=7 9 
Hz, 3J=3 0 Hz, IH, H5 or H6), 3 82 В of AB (d, 2J=7 9 Hz, IH, H5 or H6), 3 19 (dd, 3J=7 2 Hz, 3J=2 3 Hz, 
IH, H 2 orH 3 ) , 3 16 (brs, IH,-OH), 3 07 (brs, IH, -OH), 3 00 (d, 3J=7 2 Hz, IH, H2 or H3), 2 28 (brs, 
IH, H] or H4), 2 22-2 19 (m, IH, H| or H4), 1 93-1 77 (m, 2H, H7 and/or H8), 1 43-1 37 (m, IH, H7 or Hg), 
1 27 (t, 3J=7 1 Hz, 7H, -CH3 and H7 or Hg), 13C-NMR (100 MHz, CDCI3, ppm) δ 174 0 and 173 6 (s, 
C=0), 67 0 and 64 5 (d, C5 and Сб), 61 1 (I, O-CH2-), 42 6 and 41 7 (d, C2 and C3), 34 7 (d, Ci and C4), 17 6 
(t, C7 and Cg), 14 1 (q, -CH3), IR (CC14, cm"1) ν 3410 (O-H), 1725 (C=0) MS (EI, m/z) 287 (M + + H), 
269 (M+ - OH), 241 (M+ - OEl), 223 (M+ - OEl - H 2 0), 96 (C6HgO+), HRMS/EI m/z calculated for 
Ci 4 H 2 20 6 286 1416 amu Found 254 1415±00011 amu 
[ « I D 2 0 = -4 5° (c=l 35, CHCI3), corresponding with 11% enantiomeric excess as determined by Ή-NMR 
experiments using Eu(hfc)3 as chiral shift reagent 
Diethyl as-4,5-dihydroxycyclohexane-lian$-l,2-dtcarbox\late (20) 
The mixture of olefin 3 and the corresponding diol was separated by flash chromatography, as described for 18 
The diol was obtained as a slightly yellow oil 
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•H-NMR (400 MHz, CDCI3, ppm): δ 4.13 (q, 3J=7.1 Hz, 2H, 0-CH2-), 4.12 (q, 3J=7.1 Hz, 2H, 0-CH2-), 
4.01 (br.s., IH, H4), 3.70 (ddd, 3J=I0.1 Hz, 3J=3.8 Hz, 3J=3.2 Hz, H5), 3.03 (ddd, 3J=I2.0 Hz, 3J=11.2 Hz, 
3J=4.0 Hz, IH, H2), 2.74-2.67 (m. 3H, Hj and -OH), 2.23 A of AB (dt, 2J=14.1 Hz, 3J=4.0 Hz, IH, H3), 2.03 
A of AB (dt, 2I=12.6 Hz, 3J=3.8 Hz, IH, H6), 1.83 В of AB (q, 3J=12.0 Hz, IH. H6), 1.60 В of AB (ddd. 
2J=14.1 Hz. 3J=12.0 Hz, 3J=2.4 Hz, IH, H3), 1.25 (t, 3I=7.1 Hz. 3H, -CH3), 1.24 (t, 3J=7.1 Hz, 3H, -CH3); 
I3C-NMR (100 MHz, CDCI3, ppm): δ 174.9 and 173.8 (s, C=0), 70.3 and 67.9 (d, C 4 and C5), 60.83 and 
60.75 (t, O-CH2-), 43.0 and 38.4 (d, Ci and C2), 32.9 and 30.3 (t, C3 and Сб), 14.1 (q, -CH3); IR (CCU, cnv 
!): ν 3410 (O-H), 1720 (C=0); MS (EI. m/z): 261 (M+ + H), 242 (M+ - H 20). 216 (M+ + Η - OEl), 197 (M+ -
OEt - H 20), 188 (M+ + Η - COOEt), 29 (CH3CH2+); HRMS/EI: m/z calculated for C 1 2 Hig0 5 (M + - H 2 0): 
242.1154 amu. Found: 242.1154910.00092 amu 
[<X]D 2 0 = •'•'° (c=1.14. CHCI3), corresponding with 4% enantiomeric excess as determined by 'Н-NMR 
experiments using Eu(hfc)3 as chiral shift reagent. 
Methyl exo,exo-5,6-dihydroxybicyclo[2.2.2Joctane-eodo-2-carboxyUiie (21) 
The mixture of olefin 6 and the corresponding diol was separated by flash chromatography, starting with 
n.hexane:ethyl acetate = 10:1. After the olefin had eluted the eluent was changed to pure ethyl acetate. The diol 
was obtained as a yellowish oil. 
•H-NMR (400 MHz, CDCI3, ppm): δ 3.92 (s, 2H, H5 and Н7), 3.69 (s, ЗН, -0-СН3), 2.87 (br.s.. IH, -OH), 
2.85 (br.s., IH, -OH), 2.70-2.65 (m, IH, H2), 2.0-1.2 (m, 8H); 13C-NMR (100 MHz, CDCI3, ppm): δ 175.9 
(s, C=0), 67.3 and 64.6 (d, C5 and Сб), 51.8 (q, O-CH3), 40.2 (d, C2), 34.3 and 30.8 (d, C| and C4), 25.5 (t, 
C3), 18.2 and 17.3 (t, C7 and C8); IR (CCI4, cm"'): ν 3390 (O-Η), 1725 (C=0); MS (EI, m/z): 200 (M+), 182 
(M+ - H 20), 168 (M+ - CH3OH), 150 (M+ - CH3OH - H 20), 96 (C6HgO+); HRMS/EI: m/z calculated for 
C10H16O4: 200.1049 amu. Found: 200.1049O±O.00O58 amu. 
[ a ] o 2 0 = -4.0° (c=1.36, CHCI3), corresponding with 1.5% enantiomeric excess as determined by ' H-NMR 
experiments using Eu(hfc)3 as chiral shift reagent. 
Ethyl exo,tto-5,6-dihydroxybicyclol2.2.I]heptane-tndo-2-carboxylnte (22) 
The mixture of olefin 5 and the corresponding diol was separated by flash chromatography, starting with 
n.hexane:ethyl acetate = 5:1. After the olefin had eluted the eluent was changed to pure ethyl acetate. The diol 
was obtained as a while solid. 
Mp.: 63-66-C (66-67°C33); ' H-NMR (400 MHz, CDCI3, ppm): δ 4.14 (q, 3J=7.1 Hz, 2H, 0-CH2-), 3.79 (s, 
2H, H5 and H7), 3.20 (s, 2H, -OH), 2.71 (dt, 3J=11.5 Hz, 3J=5.0 Hz, IH, H2), 2.46 (br.s., IH, H]), 2.20 (d, 
3J=4.0Hz. 1H.H4), 1.91 (dd, 2J=10.5 Hz, 3I=1.6Hz, IH, H7), 1.70 (ddd, 2J=13.2 Hz, 3J=11.5 Hz, 3J=5.0Hz, 
IH, H3), 1.53 (ddd, 2J=13.2 Hz, 3J=5.3 Hz, 3J=2.4 Hz, IH, H3), 1.27 (t, 3J=7.1 Hz. 4H, -CH3 and H9); 1 3C-
NMR (100 MHz, CDCI3, ppm): δ 174.1 (s, C=0), 74.0 and 70.7 (d, C5 and C6), 60.6 (t, O-CH2), 46.5 (d, 
C2), 43.7 and 42.6 (d, C] and C4), 33.5 (t, C7), 27.4 (t, C3), 14.2 (q, -CH3); IR (CCI4, cm"1): ν 3390 (O-H), 
1730 (C=0); MS (EI, m/z): 182 (M+ - H 2 0), 155 (M+ - OEl), 82 (C 5 H 6 0 + ) ; HRMS/EI: m/z calculated for 
CJ0H14O3 (M + - H 20): 182.0943 amu. Found: 182.09430Ю/00072 amu. 
[CC]D2 0 = -0.4° (c=1.03, CHCI3), corresponding with 9% enantiomeric excess as determined by ' H-NMR 
experiments using Eu(hfc)3 as chiral shift reagent. 
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Methyl cxo,exo-5,6-dihydroxybicyclo(2 2 I]heptane-cxo-2-carboxylate (23) 
The mixture of olefin 4 and the corresponding diol was separated by flash chromatography, starting with 
π hexane ethyl acetate = 3 1 After the olefin had eluted the eluent was changed to pure ethyl acetate The diol 
was obtained as a white crystalline compound 
Mp 49-52-C (50-53°C33), •H-NMR (400 MHz, CDCI3, ppm) δ 3 72 (s, 2H, H5 and Н6), 3 68 (s, ЗН, О-
СН3), 3 40 (br s , IH, -ОН), 3 27 (br s , IH, OH), 2 42 (s, IH, Hi), 2 23-2 19 (m, 2H, H2 and Н4). 1 86 A of 
AB (dt, 2J=13 2 Hz, 3J=5 0 Hz, IH, Н3 с ж о), 1 75 A of AB (d, 2J=10 8 Hz, IH, H 7 j y l l), 1 40-1 34 (m, 2H. 
Нз
СІ
„іо and Н 7 ш | 1), l3C-NMR (100 MHz, CDCI3, ppm) δ 175 6 (s, C=0), 73 81 and 73 77 (d, C5 and Сб). 
52 0 (q, O-CH3), 47 2 (d, C2), 42 7 and 41 8 (d, Cj and C4), 29 8 and 29 0 (t, C3 and C7), IR (CCI4, cm"1) ν 
3400 (O-H), 1730 (C=0) MS (EI, m/z) 186 (M+), 168 (M+- H 20), 154 (М+- СН3ОН). HRMS/EI m/z 
calculated for С 9 Н 1 4 0 4 186 0892 Found 186 08927±0 00072 
[ α ] ο 2 0 = -3 5° (c=l 47, CHCI3), corresponding with 20% enantiomeric excess as determined by 'Н-NMR 
experiments using Eu(hfc)3 as chiral shift reagent 
Ethyl cis-3,4-dihydroxycyclohexane-l-carboxylate (24) 
The mixture of olefin 7 and the corresponding diols were separated by flash chromatography, starting with 
л hexane ethyl acetate = 10 1 After the olefin had eluted the eluent was changed to π hexane ethyl acetate = 1 3 
This resulted in the isolation of the diol as a colorless oil, which contained all four possible enantiomers as was 
indicated by NMR-expenments using Eu(hfc)3 as a chiral shift reagent 
IR (CCI4, cm"1) ν 3410 (O-H), 1730 (C=0) MS (EI, m/z) 188 (M+), 170 (M+ - H 20), 159 (M+ - Et), 143 
(M+ - OEt), 116 (M+ + Η - COOEt), 97 (СбН90+) 
Reduction of diethyl exo,exo-5,6 dihydrozybicyclo[2 2 l]heptane-trans-2,3-dicarboxylate (18) 
A solution of diol 18 (0 55 g, 2 0 mmol, [ O ] D 2 0 = +3 0° (c=l 00, CHCI3), corresponding with 20% 
enantiomeric excess as determined by 'Н-NMR experiments using Eu(hfc)3 as chiral shift reagent) and imidazole 
(0 55 g, 8 0 mmol) in toluene (50 mL) was heated under reflux, then chloro diphenylphosphine (0 86 mL, 4 8 
mmol) was added After 10 minutes iodine (1 22 g, 4 8 mmol) was gradually added and the reaction mixture was 
heated under reflux for 2 h Subsequently, an excess of zinc powder was added at room temperature and the 
reaction mixture was heated under reflux for an additional hour The reaction was terminated by filtration over 
celite, and the residue was washed with 3N HCl (aq ) The aqueous phase was extracted with ethyl acetate (3x) 
The organic fractions were washed with saturated aqueous NaHC03-solution and bnne, dried over Na 2 S0 4 and 
concentrated in vacuo Flash chromatography (n hexane ethyl acetate = 10 1) of the residue gave 1 as a 
yellowish oil (0 44 g, 90%) 
[a]D 2 0 = +22 I o (c=l 05, CHCI3), corresponding with 20% enantiomeric excess as determined by Ή-NMR 
experiments using Eu(hfc)3 as chiral shift reagent. 
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ENZYMATIC RESOLUTION OF 5-SUBSTITUTED 
ENDO-TRICYCLODECADIENONES 
3.1 Introduction 
In recent years, the emfo-tricyclodecadienone system 1 has proven to be an extremely 
useful synthon for a wide range of naturally occurring cyclopentanoids1·2 and other 
pharmacologically important structures3. The basic strategy underlying this approach is 
depicted in Scheme 3.1. It generally involves stereoselective nuclcophilic addition reactions 
Scheme 3.1 





to the enone moiety, followed by chemical transformations to introduce the desired 
functionalities. Cycloreversion of the tricyclic adducts 2, induced by either Lewis acids2a·4 or 
thermolysis using for instance the Flash Vacuum Thermolysis (FVT) technique5, gives access 
to substituted cyclopentenones 3 with well-defined stereochemistry. The availability of both 
antipodes of 1 in enantiopure form is pivotal in the enantioselective synthesis of a variety of 
cyclopentenoids using this strategy. 
3.1.1 Kinetic resolution 
For the synthesis of enantiopure tricyclodecadienones 1 so far two practical methods 
have been applied most frequently. Essentially, they are based on the enzymatic enantioselective 
hydrolysis or esterification of a suitable tricyclic precursor viz- carboxylic ester 66, allylic 
alcohol 9 or the corresponding acetate 107 (cf. Schemes 3.3 and 3.4). One of the most efficient 
routes6 involves the kinetic resolution of keto-ester 6 using pig liver esterase (PLE). The 
racemic tricyclic ester 6 can readily be obtained starting from very simple and cheap compounds 
(Scheme 3.2). The Diels-Alder adduct of benzoquinone and cyclopentadiene 4 is selectively 
epoxidized under alkaline conditions and subsequent Favorskii ring contraction of 5 leads to the 
desired ethyl ester 6 in an overall yield of approximately 50%. 
Scheme 3.2 
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Enzymatic hydrolysis of tricyclic ester (±)-6 using PLE at room temperature in a 0.1 M 
phosphate buffer (pH 7.8) with acetonitrile as the co-solvent (0.2 M) results in a highly 
efficient kinetic resolution (Scheme 3.3). After a slow hydrolysis carboxylic acid (-)-7 is 
obtained in good chemical yield and, after crystallization, in enantiopure form. The remaining 
ester (+)-6 can be obtained enantiomerically pure in excellent yield, after repeated enzymatic 
hydrolysis. Alkaline hydrolysis leads to the enantiopure corresponding acid (+)-7. Both 
antipodes of the ¿«¿o-tricyclodecadienone 8 can be obtained by decarboxylation of the 
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In the second approach7 dicyclopentadiene is stereoselectively converted into racemic 
tricyclic едсо-alcohol (±)-9 using selenium dioxide as the oxidant (Scheme 3 4) When this 
racemic alcohol is treated with vinyl acetate in an organic solvent in the presence of a lipase the 
alcohol (+)-9 and the acetate (-)-10 are obtained in high optical yields The same products are 
obtained when the racemic acetate (±)-10, prepared directly by oxidation of dicyclopentadiene 
with manganese(III)acetate, is hydrolyzed in a phosphate buffer in the presence of lipase MY 
(purchased from Meito) Enantiopure material from this enzymatic transestenfication can only 
be obtained after repetitive crystallization of the allylic alcohol 9 resulting in chemical yields not 
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3.1.2 Asymmetric synthesis 
Although the resolutions depicted in Schemes 3.3 and 3.4 can be accomplished with 
good optical efficiency, chemical yields are obviously limited to 50%. Interconversion of both 
enantiomers can be achieved using Wharton's methodology to effect a 1,3-ketone transposition, 









For this reason alternative enantioselective routes to the tricyclodecadienone system 
based on either asymmetric synthesis or asymmetric transformation are appealing. Recently, the 
asymmetric Diels-Alder approach8 using enantiopure 4-substituted cyclopentenones 15 was 
described (Scheme 3.6). The key step in the preparation of these cyclopentenones is the 
enantioselective hydrolysis of the тгдо-diacetate 13. 
Scheme 3.6 
1. oxidation 
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R = Η, COMe, COEt, CO-n.Pr, COi.Pr, CO-tBu, CO-Ph, Si-f.BuMe2 
Very recently, Ogasawara et al.9 reported an alternative procedure for the 
enantioselective preparation of the endo-tricyclodecadienone 8, closely related to the approach 
depicted in Scheme 3.6. This methodology involves a kinetic desymmetrization of the meso-
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Reagents and conditions a cyclopentadiene, ZnCb, benzene b T1CI4, CH2CI2 с NaBR), methanol d lipase 
LIP, vinyl acetate, Et3N, THF e S03-pyridine, Et3N, DMSO f TBDMS-Cl, imidazole, DMF g K2C03, 
MeOH h S03-pyndine, Et3N, DMSO 1 TBAF, THF 
In this chapter some new attempts to resolve ewfo-tncyclodecadienones enzymatically 
are described Both hydrolyses and transestenfications are applied 5-
Hydroxy-c«¿o-tncyclodecadienone 23 and some of its 5-substituted ¿І-»*^/ л 





3.2 Preparation of a pseudo-meso compound 
A most convenient and direct route to 5-substituted derivatives of the endo-3-oxo-
dicyclopentadiene system 1 is the Diels-Alder reaction of cyclopentadiene with cyclopenten-
1,4-dione11 25, which is readily obtained from cyclopentadiene by a singlet oxygen oxidation 













(after 2 steps) 
23 
Interestingly, adduct 26 does not exist in its meio-symmetric form but is completely enolized. 
The adduct actually consists of a racemic and rapidly equilibrating mixture of antipodes 23 and 
ent-23. The adducts 23 have no C
s
-symmetry and therefore are not meso-compounds, but as a 
result of the very fast tautomeric equilibrium in fact behave like a mcso-compounds. For this 
reason the equilibrating compounds 23 will be referred to as "pseudo-meso" compounds, 
throughout this chapter1^. 
The fast enantiomerization of tricyclic enols 23 in principle allows a dynamic kinetic 
resolution13, possibly leading to the high yield formation of a single enantiomer or 
diastereomer. The simplest case is the stereoselective synthesis of a single enantiomer via 
dynamic kinetic resolution, as depicted in Scheme 3.9(A). In this process the racemic substrate 
S is transformed into optically enriched product P, as long as the rate constants kR and к s are 
unequal in the presence of, for example, an enzyme. The remaining enantiomer of S racemizes 
in situ, allowing quantitative formation of one enantiomer of P. In analogy, the enantioselective 
synthesis of a single diastereomer Ρ via dynamic kinetic resolution is possible, starting from 
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For 23 such a process can also be denoted as an asymmetric desymmetnzation of a pseudo-
meso compound 
3.3 Enzymatic transesterification of a tricyclic alcohol 
In order to effect an asymmetric desymmetnzation tricyclic alcohol 23 was treated with 
an acyl donor in the presence of a lipase The enzymatic transesterification of enol 23 was 
performed under non-aqueous conditions using vinyl acetate as the acylating agent (Scheme 
3 10) 
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Vinyl acetate is a stable enol acetate which in the presence of an enzyme will form an acylated 
enzyme complex' 4 · 1 5 This complex may then react with an alcohol, resulting in the 
corresponding acetylated alcohol and ethenol, which will tautomenze to acetaldehyde Because 
of the negligible enol content of acetaldehyde this enzymatic reaction is irreversible, hence the 
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equilibria are shifted toward the reaction products. Acetaldehyde has a very low boiling point 
(23°C) and, therefore, will evaporate from the reaction mixture. 
The attempts to transesterify the tricyclic alcohol 23 using vinyl acetate in the presence 
of various Amano lipases are summarized in Table 3.1. 
Table 3.1: Reaction conditions of attempted 


































 100 equiv. of vinyl acetate are added to the reaction 
mixture, except for Entry 2. 
Unfortunately, under the reaction conditions applied no reaction was observed at all even after 
stirring for several weeks. The starting material was recovered 
quantitatively. This result is rather unexpected as the same transformation is /-Р""~>. > 0 H 
known to give excellent results with the closely related compound 28 1 6 · 1 7 . ^ " ^ \ I 
A reason for this failure may be a too low nucleophilicity of the hydroxyl ff 
function of 23. 
28 
Earlier attempts18 applying different enzymes (i.e. porcine pancreatic 
lipase (PPL), candida cylindracea lipase (CCL)) and other acyl donors (i.e. methyl acetate, 
trichloroethyl ester of butanoic acid) did not lead to any esterified products either. 
As the 5-hydroxytricyclodecadienone 23 can be considered as a vinylogous acid it may 
react as an acid. Therefore, it was treated with an alcohol in the presence of a lipase (Scheme 
3.11). The experiments performed under the conditions listed in Table 3.2 did not result in any 
noticeable esterification (or more correctly, etherification). Increasing the chain length of the 
alcohol which, in principle, makes it a more suitable substrate for the relatively lipophilic 






Table 3.2: Reaction conditions of the 
attempted etherification of 23. 
Entry enzyme R-OH T(°Q 
1 Lipase PS MeOH 20 
2 Lipase PS n-BuOH 45 
3 Lipase AY n-OctOHa 40 
a
 n-OctOH = 1-octanol. 
A reason for the failure of the etherification of vinylogous acid 23 could be that enzymes are 
known toprotonate the C=0-function of a regular COOH-group, followed by nucleophilic 
attack on the activated carbonyl by the alcohol involved. In this case, the ß-position of the 
enone moiety should be activated in order to achieve a Michael-addition of the alcohol applied. 
The transition states involved are structurally quite different. A Michael-type activation is 
apparently not possible using lipases. 
3.4 Enzymatic transformation of tricyclic esters 
Leaving the concept of the dynamic kinetic resolution using enzymes as chiral "reagent" 
it was attempted to accomplish a classic enzymatic kinetic resolution of carboxylated derivatives 
30, derived from 5-hydroxy-emio-tricyclodecadienone 23. Of course, such a transformation is 
limited to 50% chemical yield of enantiopure ester 30. As a consequence of the fast 
enantiomerization of 23, however, the resulting enol 23 is rapidly reconverted into racemic 
starting material. By applying this recycling methodology, enantiopure ester 30 in principle can 
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Initially, it was attempted to achieve a kinetic resolution via an enzymatic hydrolysis 
(Scheme 3.12, R'=H), using porcine liver esterase (PLE) in an aqueous phosphate buffer18. 
Unfortunately, all esters 30 applied (Я=СНз, Л.С3Н7, ¿.C3H7, И.С7Н15) hydrolyzed already 
in the buffered solution of pH 8, or even in plain demineralized water, without the addition of 
the enzyme. This fast autohydrolysis of these so-called vinylogous anhydrides 30 disables an 
enzymatic resolution, simply because the enzyme is not involved in the reaction. 
An alternative for a kinetic resolution of tricyclic esters 30 applying hydrolysis is 
enzymatic alcoholysis (Scheme 3.12, R'=alkyl). This type of reaction is performed under non­
aqueous conditions using an alcohol as a (co-)solvent. The first results18 were obtained with 
butyrate 30 (І*=СзН7) and acetate 27 (=30 with Я=СНз) derivatives: ethanolysis in the 
presence of PPL resulted in recovered esters 30 (Я=СзН7) and 30 (R=CH3), having no 
optical rotation at all. Variation of the co-solvents (i.e. n.hexane, /-hexanol, acetone) in order 
to improve the performance of the resolution had not the desired effect. 
Slightly better results were obtained when the transesterification of 30 (И=СНз) was 
carried out in the presence of Amano lipases. The results of these experiments are summarized 
in Table 3.3. All transesterifications were terminated at approximately 50% conversion as 
indicated by GLC-analysis using biphenyl as internal standard. For the highest optical rotation 
found (Table 3.3, Entry 1) the enantiomeric excess (ее) was determined by 'H-NMR 
experiments using Eu(hfc)3 as a chiral shift reagent. Disappointingly, the ее was only 3-4%. 
This low ee-value is not due to spontaneous transesterification as was proven by a blank 
experiment. Therefore, an acetyl enzyme complex must be involved in this transesterification 
reaction. This reaction is however lacking an appreciable enantioselectivity, which may be 
attributed to the flat nature of the enone moiety and the remote position of the stereogenic center 
in the substrate. 
-39-
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 A 25% solution of the alcohol R'-OH in n.hexane was applied. 
b
 (c=0.5, MeOH). c 4 equiv. of triethylamine were added. d 0.S 
equiv. of pyridine were added. 
It is of interest to note that the rate of the enzymatic transformation increased during the 
reaction. This is opposite to what is normally expected: the speed of reaction should decrease 
with increasing conversion. The suggestion that 5-hydroxytricyclodecadienone 23 may have an 
autocatalytic effect on the transformation was tested by mixing the acetate 30 (R=CH3> and the 
enol 23 in a 10:1-ratio in n.hexane/7-butanol (3:1). No reaction was observed, thus leaving this 
unusual increase of reaction rate unexplained. From Entries 6-8 (Table 3.3) it may be concluded 
that the presence of base, reacting with the rather acidic alcohol 23 formed during the enzymatic 
alcoholysis of 30 (Я=СНз), leads to an even poorer resolution. In conclusion, no explanation 
has been found yet for the apparent autocatalytic effect of 23 on this enzymatic transformation. 
3.5 Concluding remarks 
The most important conclusions that can be drawn from the experiments described in 
this chapter are (i) that a dynamic kinetic resolution induced by an enzymatic asymmetric 
desymmetrization of 5-hydroxy-enJo-tricyclodecadienone 23 is impossible as no reaction was 
observed with any acyl donor, and (ii) that an enzymatic kinetic resolution of 5-acetoxy-endo-
tricyclodecadienone 30 (R=CH3) is synthetically not feasible since the low stereoselectivity 
results only in enantiomeric excesses in the range of 3-4%. 
Under aqueous conditions, the latter transformation is hampered by the very fast 
autohydrolysis. The acetate 30 (R=CH3> itself is accepted as a substrate by the enzyme (e.g. 
lipase PS) as was demonstrated in the attempted enzymatic transesterification under non­
aqueous conditions: a reaction could be accomplished in the presence of the enzyme. Its poor 
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selectivity may be the result of the flatness of the reactive center, i.e. the enone-moiety, and the 
too remote position of the center of chirality in the substrate. 
The impossibility to either estenfy or ethenfy the tricyclic alcohol 23 enzymatically can 
be explained by, respectively, a too low nucleophilicity of the hydroxy! group of 23 or the 
incapability of the enzyme to activate the ß-position of the enone-moiety for nucleophilic attack 
by the alcohol applied. 
3.6 Experimental 
General remarks 
Melting points were measured with a Reichert Thermopan microscope and are uncorrected IR spectra 
were taken on a Perkin Elmer 298 infrared spectrophotometer FT-IR spectra were determined on a Biorad WIN-
IR FTS-25 spectrophotometer Ή- and ' 3C-NMR spectra were recorded on a Bruker AM-400 and a Bruker AC-
100 at T=298K unless stated otherwise Chemical shifts are reported relative to Me4Si For mass spectra a 
double focussing VG 7070E mass spectrometer was used Optical rotations were measured with a Perkin Elmer 
241 Polarimeter GLC was conducted with a Hewlett-Packard HP5890II gas Chromatograph, using a capillary 
column (HPI, 25m χ 0 31mm χ 0 17μτη), a temperature program from 10O-250°C at 15°C/min followed by 10 
mm at 2S0°C (isothermal), and nitrogen at 2 mL/min (0 S arm) as the earner gas 
Flash chromatography was earned out at a pressure of co. IS bar, using Merck Kieselgel 60H Column 
chromatography at atmospheric pressure was performed using Merck Kieselgel 60 Thin layer chromatography 
(TLC) was earned out on Merck precoated silicagel 60 F254 plates (0 23 mm) using the eluents indicated Spots 
were visualized with UV, iodine or a molybdate spray Solvents were dried using the following methods 
dichloromelhane and hexane were distilled from CaH2, diethyl ether was distilled from NaH, ethyl acetate was 
distilled from potassium carbonate, toluene was distilled from sodium, THF was distilled from lithium 
aluminum hydride just before use All other solvents were of analytical grade 
Cyclopenten-1,4-dtone (25) 
This compound was prepared by oxidation of ru-cyclopent-2-en 1,4-diol as described by Rasmusson etaLilc 
The starting cyclopenten 1,4-diol was obtained following the procedure of Kaneko et al " b , using a Philips 
Plusline Halogen lamp (500 W) 
5-Hydroxy tndo-tncyclo[52 I Ó2-6Jaeca-4.8dien-3-one(23) 
The Diels-Alder reaction of cyclopentadiene and cyclopenten-1,4-dione 25 using the procedure of DePuy et 
al " a , gave 23 in 96% yield Recrystallization from 2-propanol gave analytically pure samples 
Mp 170"C, 'H-NMR (400 MHz, DMSO-d6, ppm) δ 11 80 (br s. IH. OH). 5 87 (s, 2H, Hg and H9), 4 82 (s, 
IH, H4), 2 96 (s, 4H, H|, H2, H6 and H7), 1 57 A of AB (d, 2J=8 2 Hz. IH, Η,0), 1 47 В of AB (d. 2J=8 2 
Hz, IH, Ню) In the presence of a drop of D2O the O-Η signal completely disappears and the signal of H4 
strongly decreases 1 3 C NMR (100 MHz, DMSO-d6, ppm) δ 200 6 (s, C 3 and C5), 133 6 (d, Cg and C9), 
108 6 (d, C4), 52 8 (t, С10). 49 2 (d, C 2 and C6), 43 9 (d, C| and C7) In the presence of a drop of D2O the 
Cj-signal becomes partially a triplet as a result of H D-exchange leading to the formation of the C4-D bond IR 
(KBr, c m ' j v 3055 (C-Η, unsat ), 2980 (C-Η, sat ), 2940 (C H. sat ), 1615 and 1495 (C=0), MS (EI, m/z) 
162 (M+), 134 (M+ CO), 97 (M+ - C5H5), 91 (C7H7 +), 66 (C5H6 +) 
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5-Acetoxy-endo-tncyclo[5 2 1 ^Цеса-АЛ-аіеп-З-опе (27) 
Acetylation of 23 was performed using the procedure of Klunder ef a/ ' " 
General procedure for the attempted Upase-catalyzed acylation of 5-hydroxy-endo-tncyclo[5 2 1 026]deca-4,8-
dien-3-one (23) 
The lipase (200 mg) and powdered molecular sieves (4 À, 100 mg) were added under argon to a stirred suspension 
of 23 (100 mg, 0 62 mmol) and vinyl acetate (6 mL, 65 mmol) in the solvents mentioned (Table 3 1,3 mL) In 
case of acetonitnl (Table 3 1, Entry 1) 50 mL of solvent was used The reaction was monitored by GLC and 
TLC (eluent chloroform methanol = 7 1) 
General procedure for the attempted Upase-catalyzed ethenficatwn of5-hydroxy-endo-tncyclo[5 2 1 <¥·°¡deca-4,8-
dien-3-one (23) 
The lipase (200 mg) and powdered molecular sieves (4 Â, 100 mg) were added under argon to a stirred solution of 
23 (100 mg, 0 62 mmol) in the alcohol mentioned in Table 3 2 (10 mL) The reaction was monitored by GLC 
and TLC (eluent chloroform methanol = 71) 
General procedure for the attempted Upase-catalyzed transestenfication of 5-acetoxy-endo-tncyclo[5 2 1 02 6Jdeca 
4,8-dien-3-one (27) 
The lipase (100 mg) was added to a stirred solution of 27 (200 mg, 1 0 mmol) and biphenyl (60 mg) in a 3 1-
mixture of л hexanc and the alcohol mentioned in Table 3 3 (32 mL) The suspension was stirred at room 
temperature for the time indicated m Table 3 3 The reaction was monitored by GLC-analysis At 50% 
conversion the reaction was terminated by filtering the suspension over a celite pad The mixture was then 
concentrated in vacuo, the alcohol used was removed azeolropically by adding cyclohexane Pure 27 was obtained 
by flash chromatography (diethyl ether η hexane = 3 1) in yield varying between 35% and 45% 
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CHAPTER 
ASYMMETRIC DESYMMETRIZATION OF A 
PSEUDO-MESO ENDOTRICYCLODECADIENONE 
BY CHIRAL AMINES1 
4.1 Introduction 
The endo-tricyclodecadienone system 1 has been the pivotal intermediate for the 
synthesis of a large variety of naturally occurring cyclopentanoids2·3 and other compounds of 
pharmacological interest4. In addition, this system is an indispensable precursor for cubane-
type polycyclic compounds5·*·. 
For the preparation of enantiopure tricyclodecadienone 1 (R=H) several strategies have 
been reported (see Chapter 3). The two most practical methods are essentially based on the 
enzymatic resolution of suitable tricyclodecenyl compounds, viz. carboxylic ester 27 and allylic 
alcohol 3 or its acetate8. Although these resolutions occur with optimal optical efficiency, 




In chapter 3 some attempts to perform an enzyme-catalyzed kinetic resolution of 5-
hydroxy-endo-tricyclodecadienone 4 and some of its derivatives are described. Its pseudo-
meso structure makes compound 4 an attractive substrate, especially for a dynamic kinetic 
resolution9 (cf. Chapter 3). These enzymatic resolutions, however, met with little success. 
In this chapter a new route to the enantiopure ewdo-tricyclodecadienone system 1 (R=H) 
is disclosed, utilizing tricyclic enol 4 as the starting tricyclic moiety and optically active amines 
as the chiral auxiliary. Tricyclodecadienones with amino-substituents on the ß-position of the 
enone moiety are obtained enantiomerically pure via a dynamic kinetic resolution process. 
4.2 Synthesis of ß-amino-a,ß-unsaturated ketones 
4.2.1 Enaminones in general 
Combining a possible dynamic kinetic resolution of pseudo-meso tricyclic enol 4 using 
chiral amines and the interest in nitrogen-containing compounds led to the idea to study an 
effective route to 5-amino-substituted ewc/o-tricyclodecadienones, such as 5. In this manner 
pharmacologically active amino-derivatives of cyclopentenoids may become available (Cf. 
Chapter 3, Scheme 3.1). Furthermore, these amino compounds may serve as precursors for the 
preparation of amino-substituted cage compounds (see Chapter 5). 
The 5-amino-substituted endo-3-oxo-dicyclopentadienes 5 
contain a ß-amino-a,ß-unsaturated ketone moiety, and thus are flr~"~ys. NR1R2 
enaminone derivatives. The chemical behavior of these vinylogous ^ * ^ \ 1 
amides resembles amides more than ketones. The combination of both an JT 
amino function and a carbonyl group offers very interesting prospects -
with regard to biological activity, especially when these functionalities 
are conformationally fixed10. 
The enaminones may exist in three different tautomeric structures, viz. the oxo-imine, 





Ο 'Ν AA = ΑΑ Ο Ν AA 
oxo-imine enol-imine oxo-enamine 
Taking into account the different stabilizing effects of the oxo-enamine and the enol-imine 
mesomeric structures the oxo-enamine tautomer is generally considered to be the most stable 
one. This was confirmed by NMR- and IR-studies12. Besides the different tautomers there are 
four possible conformers for enaminones as depicted in Fig. 4.2, each of which may have its 



















X = CI, Br 
"HNR 1 R 2 
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The most general method for the synthesis of enaminones involves the reaction between 
a 1,3-diketone and an amine. When this fails, conversion of the 1,3-diketone -formally a 
vinylogous carboxylic acid— into the corresponding vinylogous ester or acid halide followed by 
reaction with the amine often constitutes a kinetically favored route (Scheme 4.2). 
4.2.2 Preparation of tricyclic enaminones 
For the preparation of the tricyclic enaminones the most common method11 was applied. 
S-Hydroxy-3-oxo-dicyclopentadiene was heated at reflux in the presence of a small excess of 
amine. This condition led to a convenient formation of enaminones 6-12 in excellent yields 
starting from relatively high-boiling primary and cyclic secondary amines (Scheme 4.3, Table 
4.1). The azeotropic removal of water was not necessary. In the case of di-n-butylamine 
enaminone 12 was obtained in poor yield. This meagre result for di-n.butylamine is in 
agreement with the observation that enamines in general are prepared best using cyclic 
secondary amines14. 
Scheme 4.3 
4J toluene, Δ \ l 
О О 
(±M 6-12 
Table 4.1: Synthesis of tricyclic enaminones 6-12. 





























An interesting observation was made when the same reaction was performed under 
somewhat modified conditions. Depending on the reaction time a substantial amount of 
ammonium salt of the amine and the vinylogous acid 4 was isolated. This same result wa» 
obtained when the reaction was carried oat in a solvent with a lower burring point man toluene;,. 
-48-
Asymmetrie desymmetrization... 
e.g. benzene, n.hexane, or THF. In these cases the reaction did not go to completion. The 
formation of an ammonium salt is a known phenomenon for this type of reactions15. Hence, it 
may be stated that after initial salt formation the elimination of water and thereby the formation 
of the desired enaminone 5 can only be effected when the reaction mixture is heated for a 
sufficiently long time at high temperature, here at least to 111°C (Scheme 4.4). 
Scheme 4.4 
HNRiR* , / x / ^ N R ' R 2 
1 - H 2 O 
Attempts to accomplish the amination process of enol 4 at lower temperatures, viz. by 
acid- or base-catalysis or application of high pressure were not successful; the same holds for 
the amination of the methyl ether of 4. Reaction of the tosylate of 4 with ammonia led to a 
quantitative formation of 4 andp-toluenesulfonamide. Applying Mitsunobu-reaction conditions 
or using dicyclohexylcarbodiimide (DCC) as a coupling reagent for the amination of 4 only 
resulted in the formation of the corresponding ammonium salts. 
During the syntheses of the tricyclic enaminones 6-12 a minor amount of a second 
product was detected on TLC. This less polar product could be isolated in pure form for the 
benzylamino-derivative 13 and the pyrrolidino-derivative 14 in a yield of 3-4%. From a 
detailed 'H-NMR analysis it was proven unambiguously that these by-products are the exo-
isomers of the tricyclic enaminones (Fig. 4.3). 
Fig. 4.3 
H10s tj Ph О 
H7 Г^У





2D-NOE-experiments showed strong NOE-effects of H2 and H9 with He and H%, respectively, 
which are not present in the corresponding endo-isomer 8. Additional evidence was the absence 
of any NOE-effect between H|Os and H2 and/or Нб. 
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This finding indicates that the Diels-Alder reaction between cyclopentadiene and 
cyclopenten-1,4-dione 15 (Scheme 4 5) is not completely stereoselective and leads to the 
formation of the corresponding adducts endo-4 and exo-16 in a ratio of approximately 96 4 It 
is important to note that the presence of a small amount of exo-isomer could not be deduced 
directly from the spectra of the product obtained from the Diels-Alder reaction of 15 with 
cyclopentadiene The occurrence of the ejto-isomer is in agreement with the finding that in case 
of irradiation of the acetoxy-substituted derivative of 4 the corresponding cage compound is 
obtained in a yield of about 95% leaving about 5% of 'starting material' behind 
Scheme 4 5 
OH 
11 95% /Г н u 
0
 ° ratio 96 4 
15 4 16 
4.3 Asymmetric desymmetrization of 
5-hydroxy-enrfo-tricyclodecadienone 
For the purpose of a dynamic kinetic resolution of 4 first (R)-(+)-a-phenylcthylamine 
was attempted as the chiral amine The corresponding enaminone 17 was obtained in 91% yield 
but, disappointingly, without any diastereoselectivity (Scheme 4 6, Table 4 2, Entry 1) 
Scheme 4 6 
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Table 4.2: Asymmetric desymmetrization applying chiral amines. 



























Fortunately, both diastereomers 17a and 17b could be readily, and completely, separated by 
crystallization from ethyl acetate and subsequent column chromatography on silica gel. Thus the 
first optical resolution of 5-hydroxy-3-oxo-dicyclopentadiene was accomplished. Both the 
molecular structure and the absolute configuration of the less polar diastereomer ([a]o 2 0 = 
+178° (c=l, CHCI3), mp. 222-224°C) were established by single-crystal X-ray diffraction16. 
Based on the known absolute configuration (R) of the oc-phenylethylamino moiety the X-ray 
analysis revealed the absolute structure 17a for the less polar diastereomer (Fig. 4.4) 
Fig. 4.4: PLUTON drawings of the crystal structures of the tricyclic 




A more rewarding result was obtained when L-prolinol17 was used as the chiral amine. 
Enaminone 18 was obtained in an overall yield of 91 % but now with a diastereomeric excess of 
50% as established by 'H-NMR analysis (Table 4.2, Entry 2). The predominant, more polar 
diastereomer ([afo 2 0 = -20.8° (c=1.14, CHCI3), mp. 182°C) was conveniently obtained by 
repeated crystallization from ethyl acetate. Knowing the absolute configuration (S) of the 
prolinol moiety the absolute configuration of the major enaminone as 18a (Fig. 4.4) could 
readily be determined by X-ray diffraction analysis18. 
Complete separation of the diastereomers 18 could not be achieved in a direct manner. 
However, an indirect method involving the conversion into the corresponding acetates 21 was 
more successful. Under standard acylating conditions the respective acetates 21a and 21b were 
obtained in quantitative yield and then easily separated by column chromatography on silica gel 
(Scheme 4.7). GLC-analysis of the crude mixture of 21 and the isolated yields of the separate 
isomers confirmed the 3:1-ratio of the diastereomers as established by 'H-NMR analysis for the 










The NMR analyses of the proline-derived enaminones were not quite as trivial as may be 
anticipated due to the appearance of an extra set of signals because of the occurrence of 
rot amers. This occurrence is most evident from the 'H-NMR signal of H4, the enaminone a-
proton, showing as two different singlets. Both the 'H-NMR and ,3C-NMR spectra show that 
at room temperature tricyclic enaminones of prolinol 18 are present as two rotamers in a ratio of 
about 4:1. The observation of two rotamers which is the result of hindered rotation around the 
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C5-N bond is nicely supported by the crystallographic studies, revealing a significantly shorter 
C5-N bond (1.33 Â) as compared to a regular, non-conjugated C-N bond (1.40 À). This 
stronger double bond character results in a hampered rotation around the C5-N bond. As a 
consequence of this delocalization the C4-C5 double bond is somewhat longer than a simple 
C=C bond. 
The occurrence of rotamers is also observed for prolinol enaminone acetate 21. The less 
abundant acetate 21b has a rotamer ratio of 3:1 at room temperature, as indicated by 'H-NMR 
(400 MHz). At 90 MHz the 'H-NMR-signals start to coalesce at 300K; upon further heating 
(315K) the signals become sharp. The abundant acetate 21a gives similar results with the 
notification that coalescence starts at 317K (90 MHz) and gives sharp signals at 330K. 
It was established that the hydroxyl group in prolinol is not essential for the effectiveness 
of the desymmetrization process since the use of (S)-(+)-prolinol methyl ether17 instead of 
prolinol gave the same optical yield (Table 4.2, Entry 3). GLC-analysis of the mixture of 
diastereomers 19 showed a 3:l-ratio. This mixture itself could not be separated as 
crystallization failed and no difference in retention time on TLC was observed. The absolute 
configuration of the major enaminone 19a derived from prolinol methyl ether was the same as 
that of 18a. Simple alkylation of 18a yielded 19a which according to GLC-analysis proved 
identical to the most abundant diastereomer in the mixture of 19a and 19b. Tricyclic 
enaminone 19a also consisted of two rotamers in a ratio of 5:2 at room temperature. 
Recently, Albers et α/.19 reported the efficient desymmetrization of meio-anhydrides 
derived from norbomene using (S)-(-)-methyl prolinate. Therefore, this methyl ester of proline 
was also included in this study. However, using this amine a considerably lower diastereomeric 
ratio, viz. 1.8:1 (Table 4.2, Entry 4), was obtained. This ratio was again determined by GLC-
analysis as separation of the diastereomers 20 turned out to be impossible. In analogy with the 
results described above it is assumed that the major diastereomer has absolute configuration 
20a. 
Proline itself showed a deviating behavior. For the completion of its reaction with the 
tricyclic enol (±)-4 four days of heating at reflux were necessary. This resulted in considerable 
decomposition and a relatively low yield of ca. 60%. According to the 'H-NMR (400 MHz) 
spectrum a mixture of diastereomers was obtained. The ratio, however, could not be 
determined due to the presence of rotamers. Coalescence could not be achieved as the 
temperature necessary to enforce coalescence at 400 MHz could not be reached. In a first rough 
estimate the diastereomeric ratio seems to be very promising but because of the poor yield this 
reaction was not elaborated further. 
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An explanation for the asymmetric induction in the reaction of the proline derivatives with 
the pseudo-meso tricyclic enol can be given in analogy with Albers et α/.19. These authors 
suggest that the observed stereochemistry for the desymmetrization of norbornene derived 
anhydrides can be attributed to steric effects between the anhydride and the proline reactants. In 
the case under consideration the proline nitrogen reacts exclusively with the keto-enol moiety 
from the less hindered exo-is.ce of the tricyclic system. Furthermore, in the transition state the 
CH20H-group will be positioned as remote as possible. Thus the proline derivative will 
approach the flat keto-enol system along a trajectory of 109° as shown in Fig. 4.5, similarly as 
suggested by Albers et al. This approach will not take place across the delocalized system as the 
nucleophilic proline-derivative will try to avoid the negative charge of the relatively acidic 
tricyclic alcohol 4 as much as possible, resulting in a trajectory of approach relatively close to 
the methylene bridge of the tricyclic system. The steric hindrance exhibited by the methylene 
bridge hydrogen Ню
а
 on the incoming proline-derivative, therefore, determines the 
stereochemistry of the resulting product. This steric approach control leaves two possible 
pathways as depicted in Fig. 4.5 (A and B). In pathway В the large CH20H-group is very 
close to the methylene bridge, whereas in pathway A this carbinol group is remote and there is 
only the steric hindrance between the bridge hydrogen Ню
а
 and the Cs-hydrogens of prolinol. 
Consequently, pathway A is much more likely than the approach described by pathway B, 
which is in agreement with the observed stereochemistry of the diastereomeric products 
obtained. 
Fig. 4.5: Origin of the asymmetric induction, cf. réf. 19. 
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The series of chiral amines, depicted in Fig. 4.6, was also studied in these 
desymmetrization reactions. However, these amines were very ineffective. In general, the 
reaction times required to complete the reaction were much longer than for prolinol· in some 
cases heating at reflux in toluene up to 1 week was necessary. This led to considerable 
decomposition In those cases where it was possible to isolate some of the desired 
diastereomenc enaminones 'H-NMR analysis indicated that the diastereomenc excess was 
virtually nil These results show that prolinol is a unique chiral auxiliary for this 
desymmetrization. 









4.4 Reduction of tricyclic enaminones 
In order to complete the synthesis of the tncyclodecadienone system, it is essential to 
remove the chiral auxiliary in an efficient and convenient way It was found that tricyclic 
enaminone 18a is readily converted into the parent tncyclodecadienone (+)-22 by reduction 
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ее > 98% 
[OÍD24 = +137° (с=1.05, М ОН) 
Enantiopure (+)-22 was isolated in 71% yield after chromatographic purification on silica gel. 
Its specific rotation ([CC]D24 = +137° (c=1.05, MeOH)) was in excellent agreement with the 
Scheme 4.9 
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literature values ([α]ο 2 0 = +139° (c=0.95, MeOH))2J indicating an enantiomeric purity of more 
than 98%. This high optical yield and the observation that the absolute configuration of the thus 
obtained tricyclodecadienone (+)-22 is the same as that of 18a proves that the lithium 
aluminum hydride reduction proceeds exclusively through a 1,4-addition process (Scheme 4.9, 
pathway A). The alternative pathways involving initial 1,2-hydride reduction followed by 
hydrolysis of the resulting imine would have caused inversion of the absolute configuration as 
is indicated in Scheme 4.9, pathway С 
The reaction conditions required for the reduction in order to achieve selective formation 
of parent tricyclodecadienone 22 are rather critical. The best results were obtained when only 
0.7 equiv. of lithium aluminum hydride, corresponding to 2.8 equiv. of H-, were added as a 
1.0 M solution in THF to the neat compound. When the reaction mixture was stirred vigorously 
with this very small amount of solvent at room temperature for 1.5 h, and subsequently stirred 
for 45 min with an excess of an aqueous solution of potassium hydroxide (20%), 
tricyclodecadienone 22 was obtained as the exclusive product. 
However, if, for example, tricyclic piperidinyl enaminone 10 was reduced with 1.6 
equiv. of lithium aluminum hydride, added as a solid to a solution of the enaminone in THF, 
endo.endo-y-amino alcohol 23 was obtained in addition to elimination product 22 (Scheme 
4.10). This product 23 arises from initial 1,4-reduction, tautomerization and subsequent 1,2-
hydride donation followed by hydrolysis, according to pathway В (Scheme 4.9). 
Scheme 4. JO 
1.6 equiv. UAIH4 
THF, r.t., 1h 
10 (гас) 22 (гас) 23 (гас) 
cy=42% cy=26% 
Changing to forcing conditions, applying a large excess of lithium aluminum hydride (13 
equiv.) and heating the solution of tricyclic benzylenaminone 8 in THF at reflux for 62 h, again 
led to a different product pattern (Scheme 4.11). Three compounds were isolated, viz. 
tricyclodecenone 24, endo.endo-y-smyno alcohol 25 and the completely reduced tricyclic amine 
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HN. H HN H HN 
Bn Bn Bn 
8 (гас) 24 (гас) 25 (гас) 26 (гас) 
су=14% су=17% су=23% 
The formation of product 25 must follow the same pathway as described for 23, viz 1,4-
reduction, tautomenzation and subsequent 1,2-reduction followed by hydrolysis (Scheme 4 9, 
pathway B) Product 24 has arisen from a further 1,4-reduction of the intermediately formed 3-
oxo-dicyclopentadiene 22 The absolute stereochemistry of product 24 is unknown as the 
starting material 8 was racemic, which makes it impossible to determine whether the 
configuration has been retained (Scheme 4 9, pathway A) or inverted (Scheme 4 9, pathway 
C) The formation of the third product 26 can be explained by a sequence of reduction steps 
initiated by a 1,2-hydnde addition, followed by a 1,4- and then a 1,2-hydnde reduction as 
depicted in Scheme 4 9, pathway D This last mentioned reduction can be viewed as a reduction 
mode typical of vinylogous amides, which as for amides leads to amines 
With the aim to improve the selectivity of the reduction of tricyclic enaminones several 
other reducing agents were investigated for these tricyclic enaminones, viz K-and L-selectnde 
in THF, NaBH4 and FeCl3 in methanol, NaBH4 and tnfluoroacetic acid in 2-propanol, NaBH4 
and СеСІз 7НгО in methanol, NaCNBH3 in methanol at pH 3, sodium in 2-propanol, boiling 
formic acid, diisobutylaluminum hydride (DIBAL-H) in THF, LiAl(í ВиО)зН in THF, and 
lithium in 1,2-diamino ethane However, in all cases either the starting material was recovered 
completely or a large number of unidentifiable products was obtained 
4.5 Concluding remarks 
It was established that 5-hydroxytncyclodecadienone 4 undergoes a dynamic kinetic 
resolution to enaminones applying prolinol or its methyl ether as chiral mediator This approach 
which constitutes an asymmetric desymmetnzation of the pseudo-meso Diels-Alder adduct 4, is 




The high optical yield and the observation that the absolute stereochemistry of the 
tncyclodecadienenone (+)-22, obtained by reduction of enaminone 18a with lithium aluminum 
hydride under appropriate conditions, is the same as that of 18a proves that the hydride 
reduction of 18a proceeds entirely through a 1,4-addition process. 1,2-Reduction followed by 
hydrolysis of the resulting ¡mine would have led to inversion of the absolute configuration. In 
general, the reduction of tricyclic enaminones is difficult to control. However, by carefully 
choosing the conditions for the lithium aluminum hydride reduction of the enaminones a good 
yield (71%) of the parent e/ido-tricyclodecadienone can be obtained, otherwise mixtures of 
reduction and elimination products are obtained. 
4.6 Experimental 
General remaría 
Melting points were measured with a Reichert Thermopan microscope and are uncorrected. IR spectra 
were taken on a Pcrkin Elmer 298 infrared spectrophotometer FT-IR spectra were determined on a Biorad WCN-
IR FTS-25 spectrophotometer. Ή- and ,3C-NMR spectra were recorded on a Bruker AM-400, a Bruker AC-300 
and a Bruker AC-100 at T=298K unless stated otherwise Chemical shifts are reported relative to Me4Si. For 
mass spectra a double focussing VG 7070E mass spectrometer was used. GC-MS spectra were run on a Vanan 
Saturn 2 benchtop GC-MS ion-trap system Separation was earned out on a fused-silica capillary column (DB-5, 
30m χ 0 25mm) Helium was used as a carrier gas, and electron impact (EI) was used as ionization mode 
Elemental analyses were performed on a Carlo Erba Instruments CHNS-0 1108 Elemental Analyzer Optical 
rotations were measured with a Pcrkin Elmer 241 Polarimeter. GLC was conducted with a Hewlett-Packard 
HP5890II gas Chromatograph, using a capillary column (HP1, 25m χ 0 31mm χ 0 17μηι), a temperature 
program from 100-250°C at 15°C/min followed by 10 min at 250°C (isothermal), and nitrogen at 2 mL/min (0 5 
atm) as the carrier gas. 
Flash chromatography was carried out at a pressure of ca, 1.5 bar, using Merck Kieselgel 60H. Column 
chromatography at atmospheric pressure was performed using Merck Kieselgel 60 Thin layer chromatography 
(TLC) was earned out on Merck precoatcd silicagel 60 F254 plates (0 25 mm) using the eluents indicated Spots 
were visualized with UV, iodine or a molybdate spray. Solvents were dried using the following methods 
dichloromethane and hexanc were distilled from СаНг, diethyl ether was distilled from NaH, ethyl acetate was 
distilled from potassium carbonate, toluene was distilled from sodium, THF was distilled from lithium 
aluminum hydnde just before use. All other solvents were of analyUcal grade. 
5-Cyclohexylamino-enäo-tricyclol5.2 l.(ß-a]deca-4,8-dien-3-one (6) 
Cyclohexylamine (3.45 g, 34.8 mmol) was added to a suspension of 4 (5 11 g, 31.5 mmol) in toluene (100 
mL) The reaction mixture was heated at reflux for 24 hours. During this treatment the reaction mixture became 
clear and then turned yellow After a few hours the product started to precipitate After cooling, the product 6 was 
obtained by filtration followed by extensive washing with diethyl ether Recrystallization from 2-propanol 
provided analytically pure 6 (7 27 g, 95%) as white crystals. 
Mp 249°C, 'H-NMR (400 MHz, CDCI3, ppm) δ 6 09 A of AB (dd, 3J=5 4 Hz, 3J=2 8 Hz, IH, Hg or H9), 
5 81 В of AB (dd, 3J=5 2 Hz, 3J=2 6 Hz, IH, Hg or H9), 4 82 (s, 2H, H 4 and NHJ, 3.17 (brs, IH, H7), 3.13 
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(m, 2H. H6 and СН,), 2 97 (br s, IH, Hi), 2 90 (t, 3J=5 4 Hz, IH, H2), 1 94 (br t, 2H, CH_2p). 1 78 (br t, 4H, 
CH2m)· 1 73 A of AB (d, 2J=8 1 Hz, IH, Ню
а
 or Hi0 s), 1 50 В of AB (d, 2J=8 3 Hz, IH, Ню а or Hi 0 s). 1 1-
1 4 (4H, CH.2o), 13C-NMR (100 MHz, CDCI3, ppm) δ 204 3 (s, C3), 174 5 (s, C5), 134 8 and 130,9 (d, Cg 
and C9), 101 9 (d, C4), 53 5 (d, C,), 51 б (l, C\0), 50 6, 46 3, 43 б and 43 3 (d, Ci, C2, C6 and C7), 32 4 (t, 
2x C0), 25 4 (t. Cp), 24 6 and 24 5 (t, 2x Cm), IR (KBr, cm"1) ν 3220 (NH), 3190 (NH), 3000 (C-Η, unsat ), 
2930 (C-Η, sat ), 2855 (C-Η, sat ), 1640 (enaminone), 1590-1520 (enaminone, very broad), 1450 (enaminone), 
IR (CH2CI2, cm ') ν 3028 (C-Η, unsat), 2938 (C-Η, sat), 2859 (C-Η, sat), 1653 (enaminone), 1572 
(enammone), 1521 (enaminone), MS (EI, m/7) 243 (M+), 215 (M+- CO), 177 (M + -C 5 H 6 ) , 161 (M+ -
C6H10), 146 (M+ - C6H ! rjNH), 133 (M+ - CO - C6H10), 118 (M+ - CO - C6H10NH), 96 (C6H10N), 82 
(С
б
Ню), 66 (C5H6), 28 (CO), HRMS/EI m/z calculated for Ci 6H 2 iNO 243 1623 amu Found 243 1625 + 
0 0012 amu Analysis calculated for C16H21NO 78 97 %C, 8 70 %H, 5 76 %N Found 78 72 %C, 8 81 %H, 
5 76 %N 
5-n Pentylamino-endo-tncyclo[5 2 Ι (τ·°¡deca-4,8-dien-3-one (7) 
η Pentylamine (1 49 g, 17 1 mmol) was added to a suspension of 4 (2 52 g, 15 6 mmol) in toluene (50 mL) 
The reaction mixture was heated at reflux for 48 hours during which the reaction mixture became clear and then 
turned yellow After cooling, the product 7 precipitated and was isolated as white crystals by filtration followed 
by extensive washing with diethyl ether (3 22 g, 89%) Recrystallization from 2-propanol provided an 
analytically pure sample of 7 
Mp 119°C, 'H-NMR (400 MHz, CDCI3, ppm) δ 6 09 A of AB (dd, 3J=5 4 Hz, 3J=2,9 Hz, IH, H8 or H9), 
5 82 В of AB (dd, 3J=5 4 Hz, 3J=2 7 Hz, IH, Hg or H9), 5 22 (br s, IH, NH), 4 81 (s, IH, H4), 3 15 (br s, IH, 
H7), 3 14 (t, 3J=5 9 Hz, IH, H6), 3 05 (q, J=6,5 Hz, 2H, H]·), 3,00 (br s. IH, Hi), 2 91 (t, 3J=5,5 Hz, IH, 
H2), 1 74 A of AB (d, 2J=8 3 Hz, IH, H ) 0 a or H] 0 s), 1,51 В of AB (d, 2J=8 3 Hz), IH, H 1 0 a or Hi 0 s, 1 56 (t, 
3J=7 0 Hz, 2H, H 2), 1 32 (m, 4H, H3 and H4), 0 91 (t, 3J=6 7 Hz, 2H, H5 ), 13C-NMR (100 MHz, CDCI3, 
ppm) δ 204 4 (s, C3), 176 0 (s, C5), 134 7 (d, Cg or C9), 131 1 (d, Cg or C9), 101 6 (d, C4), 51 7 (t, Cjo), 
50 8, 46 1, 43 6 and 43 3 (d, Ci, C2, C6 and C7), 44 8 (t, C r), 29 0 (t, C2·), 28 4 (t, C3 ), 22 3 (t, C 4 ), 13 9 
(q, C5 ), IR (KBr, cm"1) ν 3210 (NH), 3040 (C-Η, unsat ), 2995 (C-Η, sat ), 2980 (C-Η, sat ), 2955 (C-H, 
sat ), 2925 (C-Η, sat ), 2890 (C-Η, sal ), 2855 (C-Η, sat ), 1640 (enaminone), 1550 (enaminone, very broad), 
1475 (enaminone), IR (CH2CI2, cm"1) 3428 (NH), 2963 (C-Η, sat ), 2937 (C-Η, sal ), 2874 (C-Η, sat ), 1650 
(enaminone), 1576 (enaminone), 1519 (enaminone), MS(EI, m/z) 231 (M+), 216 (M+ - CH3), 203 (M+ CO), 
202 (M+ - C2H5), 188 (M+ - C3H7 or M+ - CO - CH3), 174 (M+ - C 4 H 9 or M+ - CO - C2H5), 165 (M+ -
C5H6), 160 (M+ - C5H11 or M+ - CO - C3H7), 150 (M+ - C 5 H 6 - CH3), 146 (M+ - CO - C4H9), 137 (M+ -
CO - C5H6), 136 (M+ - C 5 H 6 - C2H5), 132 (M+ - CO - C5H11), 122 (M+ - CSH6 - C3H7 or M+ - C 5 H 6 -
CO - CH3), 109 (M+ - C 5H 6 - C 4 H 9 + H), 108 (M+ - C 5H 6 - C 4H 9 or M+ - C 5 H 6 - CO - C2H5), 66 (C5H6), 
43 (С3Н7), 29 (C2H5), 28 (CO), HRMS/EI m/? calculated for Ci 5 H 2 |NO 231 1623 amu Found 231 16233 
± 0 00092 amu Analysis calculated for C15H21NO 77 88 %C, 9 15 %H, 6 05 %N Found 77 82 %C, 9 16 
%H, 6 10%N 
5-Benzylammo endo- and exo-tncyclo[5 2 1 Cß'6]deca-4,8-dien-3-one (8 and 13) 
Benzylamine (1 88 g, 17 6 mmol) was added to a suspension of 4 (2 52 g, 15 6 mmol) in toluene (50 mL) The 
reaction mixture was heated at reflux for 23 hours During this treatment the reaction mixture became clear and 
then turned yellow After cooling, the product 8 precipitated and was isolated as while crystals by nitration 
followed by extensive washing with diethyl ether (3 66 g, 94%) Recrystallization from ethyl acetate provided an 
analytically pure sample of 8 
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8 Mp 157°C, 'H-NMR (400 MHz, CDCI3, T=310K, ppm) δ 7 3 (m, 5H. Ph), 6 12 (Ьг s, IH, NH). 6 03 A 
of AB (dd, 3J=5 4 Hz, 3J=2 8 Hz, IH, Hg or H9), 5 82 В of AB (dd, 3J=5 5 Hz, 3J=2 8 Hz, IH, Hg or H9), 
4 82 (s, IH, H4), 4 19 (d, 3J=3 3 Hz, 2H, NH-CH.2). 3 18 (t, 3J=5 2 Hz, IH, H6), 3 10 (br s, IH, H7), 3 03 
(brs, IH, Hi), 2 85 (t, 3J=5-6 Hz, IH, H2), 1 71 A of AB (d, 2J=8 3 Hz, IH, H i 0 a or Hi 0 s), 1 48 В of AB (d, 
2J=8 3 Hz, IH, Hioa or HiOs). Ή-NMR (400 MHz, CDCI3, T=265K, ppm) δ 7 3 (m, 5H, Ph), 7 10 (brs, 
IH, NH), 6 00 A of AB (dd, 3J=5 1 Hz, 3J=2 5 Hz, IH, Hg or H9), 5 85 В of AB (dd, 3J=5 2 Hz, 3J=2 5 Hz, 
IH, Hg or H9), 4 76 (s, IH, H4), 4 17 (d, 3J=5 6 Hz, 2H, СЩ), 3 20 (l, 3J=5 2 Hz, IH, H6), 3 08 (br s, 2H, 
Н 7 and Hi), 2 82 (t, 3J=5 3 Hz, IH, H2), 1 70 A of AB (d, 2J=8 2 Hz, IH, Ню а or Hi 0 s ), 1 47 В of AB (d, 
2J=8 2 Hz, IH, Нюа or Hi 0 s ) . 13C-NMR (100 MHz, CDCI3, T=310K, ppm) δ 204 5 (s, C3), 176 3 (s, C5), 
137 0 (s, ArC), 134 5 and 131 3 (d, Cg and C9), 128 7 (d, ArCJ, 127 8 (d, Ar£), 127 5 (d, Ar£), 102 1 (d, 
C4), 51 8 (t, Сю), 50 9, 46 1, 43 7 and 43 3 (d, Ci, C2, C 6 and C7), 48 9 (t, NH-£H2), IR (KBr, cm"1) ν 
3184 (NH), 3060 (C-Η, unsat ), 2985 (C-Η, sat ), 2939 (C-Η, sat ), 2868 (C-Η, sat ), 1638 (enaminone), 1572-
1533 (enaminone, very broad), 1454 (enaminone), IR (CH2C12, cm"1) ν 3420 (NH), 3026 (С H, unsat ), 2997 
(C-Η, sat), 2967 (C-Η, sat), 2937 (C-Η, sat), 2879 (C-Η, sat), 1713 (enaminone, shoulder at 1723), 1659 
(enaminone), 1576 (enaminone), 1519 (enaminone), 1455 (enaminone), MS (El, m/z) 251 (M+), 223 (M+ -
CO), 185 (M+ - С 5Н б), 160 (M+ - CH2Ph), 157 (M+ - СО - C 5H 6), 146 (M+ - СО - Ph), 144 (М+ -
NHCH2Ph - H), 132 (M+ - СО - CH2Ph), 104 (NCHPh), 91 (CH2Ph), 77 (Ph), 66 (C5H6), 28 (CO) Analysis 
calculated for C17H17NO 81 24 %C, 6 82 %H, 5 57 %N Found 81 23 %C, 6 82 %H, 5 58 %N 
When performing this same reaction on a larger scale (62 mmol) also the exo-isomer 13 was obtained in 4% 
yield 
13 'H-NMR (400 MHz, CDCI3, ppm) δ 7 33 (m, 5H, АгЦ). 6 23 A of AB (dd, 3J=5 6 Hz, 3J=3 0 Hz, IH, 
H9), 6 14 В of AB (dd, 3J=5 5 Hz, 3J=3 0 Hz, IH, Hg), 5 56 (br s, IH, NH), 5 11 (s, IH, H4), 4 30 (d, 3J=5 4 
Hz, 2H, NHCH2Ph), 2 97 (br s, IH, H]), 2 81 (br s, IH, H7), 2 66 (d, 3J=5 7 Hz, IH, H6), 2 38 (d, 3J=5 8 
Hz, IH, H2), 1 53 A of AB (d, 2J=9 2 Hz, IH, Нц*). 1 45 В of AB (d, 2J=9 2 Hz, IH, Нюа), 13C-NMR (100 
MHz, CDCI3, ppm) δ 204 3 (s, C3), 176 4 (s, C5), 138 6 and 136 5 (d, Cg and C9), 136 6 (s, ARCi), 128 9 
(d, ArCJ, 128 0 (d, ArCJ, 127 5 (d, ArCJ, 52 9, 48 7, 43 5 and 42 9 (d, C\, C2, C 6 and C7), 49 0 (t, 
NHCH2Ph), 41 8 (t, Сю), IR (CH2CI2, cm ') ν 3410 (NH), 3020 (C-Η, unsat), 2960 (C-Η, sat), 1655 
(enaminone), 1570 (enaminone, broad), 1510 (enaminone), 1450 (enaminone), MS (EI, m/z) 251 (M+), 223 
(M + - CO), 185 (M+ - C 5H 6), 160 (M+ - CH2Ph), 157 (M+ - CO - C5H6), 132 (M+ - CO - CH2Ph), 91 
(CH2Ph), 65 (C5H5), 28 (CO), HRMS/EI m/z calculated for C17H17NO 251 13101 amu Found 
251 13099±0 00073 amu 
5 Pyrrolukno-çndo- and ехо-глсус/о/5 2 I (P- 6]deca-4,8 dien-3-one (9 and 14) 
Pyrrolidine (0 097 g, 1 37 mmol) was added to a suspension of 4 (0 196 g, 121 mmol) in toluene (30 mL) 
The reaction mixture was heated at reflux for 23 hours During this treatment the reaction mixture became clear 
and then turned yellow After cooling, the reaction mixture was concentrated m vacuo Pure 9 was obtained by 
flash chromatography (ethyl acetate methanol = 10 1) as yellowish crystals (0 242 g, 93%) In addition, the exo-
ìsomer 14 was isolated (8 mg, 3%) as a yellow oil Recrystallization from 2-propanol provided an analytically 
pure sample of 9 
9 Mp I65-167°C, Ή NMR (400 MHz, CDCI3, ppm) δ 6 10 A of AB (dd, 3J=5 6 Hz, 3J=2 9 Hz, IH, Hg or 
H9), 5 81 В of AB (dd. 3J=5 6 Hz, 3J=2 9 Hz, IH, Hg or H9), 4 70 (s, IH. H4), 3 65 (m, IH, Hi 1 or Hj4) 
(after decoupling at 2 0 ppm 3 65 A of AB (d, 2J=10 8 Hz, IH, Нц огН ] 4)}, 3 53 (m, IH, Нц огН)4) {after 
decoupling at 2 0 ppm 3 53 В of AB (d, 2J=10 5 Hz, IH, Нц or Н ] 4)), 3 26 (dd, 3J=4 3 Hz, 3J=6 1 Hz, IH, 
H6), 3 2 (m, 3H, H7 and Hi 1 or H ) 4 ) (after decoupling at 2 0 ppm 3 21 (s, IH, H7) and 3 18 (s, 2H, Hj 1 or 
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Ни)), 3 07 (br s, IH, H]), 2 96 (dd, 3J=4 6 Hz, 3J=6 1 Hz, IH, H2), 2 00 (m, 4H, H\2 and H13), 1 75 A of 
AB (d, 2J=8 4 Hz, IH, Hioa or Hi 0 s ) . 1 55 В of AB (d, 2J=8 4 Hz, IH, H 1 0 a or HirjsX δ 13C-NMR (100 
MHz, CDCI3, ppm) δ 203 0 (s, C3), 174 3 (s, C5), 134 6 and 130 6 (d, C 8 and C9), 102 8 (d, C4), 51 8 (t. 
Сю). 51 4, 45 9, 44 1 and 43 8 (d. Ci, C2, Сб and C7), 49 I and 48 2 (t, C\ 1 and C|4), 25 6 and 24 7 (t, C12 
and C13), IR (КВг, спт1) ν 3063 (C-Η, unsal ), 3048 (C-Η, unsat ), 2972 (C-Η, sal ), 2935 (C-Η, sat ), 2867 
(C-Η, sat ), 1643 (enaminone), 1576 (enaminone, very broad), IR (CH2CI2, cm ') ν 2966 (C-Η, sat ), 2937 
(C-Η, sat), 2874 (C-Η, sat), 1725 (enaminone), 1652 (enaminone), 1565 (enaminone), 1482 (enaminone), 
1460 (enaminone), MSCEI, m/z) 215 (M+), 187 (M+ - CO), 149 (M+ - C5H6), 121 (M+ - CO - C5H6), 120 
(M+- -CO - C 5 H 6 - H), 117 (M+ - CO - NC4H8), 70 (NC4Hg), 66 (C5H6), 28 (CO) Analysis calculated for 
C i 4 H n N O 78 11 %C, 7 95 %H, 6 51 %N Found 77 26 %C, 7 92 %H, 6 52 %N 
14 'H-NMR (400 MHz, CDCI3, T=310K, ppm) δ 6 25 A of AB (dd, 3J=5 6 Hz, 3J=3 0 Hz, IH, Hg or H9), 
6 20 В of AB (dd, 3J=5 6 Hz, 3J=3 0 Hz, IH, Hg or H9), 4 96 (s, IH, Щ), 3 57 (m, 2H, Нц or H14), 3 25 
(m, 2H, H] 1 or H[4), 3 03 (br s, IH, Hi or H7), 2 84 (br s, IH, Hi or H7), 2 67 (br d, 3J=5 75 Hz, IH, H2 or 
He) {decoupling at 1 4 ppm results in sharpening of doublet}, 2 41 (br dt, 3J=5 75 Hz, 4J(H2 or Hg - Нюа)=1 5 
Hz, IH, H2 or H6) {decoupling at 1 4 ppm dd), 2 03 (m, 4H, Hi 2 and H1 3), 1 61 A of AB (m, 2J=9 2 Hz, IH, 
Hios), 1 40 В of AB (dquin, 2J=9 1 Hz, 4 J ( H | 0 a - H2 o r 6)=1 5 Hz, IH, Hi 0 a ) , l3C-NMR (100 MHz, CDCI3, 
ppm) δ 203 0 (s, C3), 174 7 (s, C5), 138 6 and 136 7 (d, Cg and C9), 103 9 (d, C4), 53 2, 48 2, 43 5 and 42 7 
(d, Ci, C2, C 6 and C7), 49 4 and 48 1 (t, C] 1 and C ] 4), 41 3 (l. Сю) 25 8 and 24 8 (t, C i 2 and C13), IR 
(CDC13, cm"1) ν 2980 (C-Η, sat ), 2950 (C-Η, sat ), 2875 (C-Η, sat ), 1646 (enaminone), 1560 (enaminone), 
1482 (enaminone), 1459 (enaminone), GC/MS (EI, m/z) 215 (M+), 187 (M+ - CO), 149 (M+ - С5Щ), 120 
(M+ - CO - C 5 H 6 - H), 66 (C5H6) 
5-Pipendino-endo-tncyclo[5 21 0*-6]deca-4,8-dien-3-one (10) 
Pipendine (1 15 g, 13 6 mmol) was added to a suspension of 4 (2 00 g, 12 3 mmol) in toluene (30 mL) The 
reaction mixture was heated at reflux for 24 hours During this treatment the reaction mixture became clear and 
then turned yellow After cooling, the product 10 precipitated and was isolated by filtration followed by 
extensive washing with diethyl ether (2 116 g) The supernatant was concentrated m vacuo and purified by 
column chromatography (ethyl acetate methanol = 5 1), furnishing an additional 0 474 g of pure 10 This 
resulted in an overall yield of 92% for 10, obtained as yellowish crystals Recrystallization from ethyl acetate 
provided an analytically pure sample of 10 
Mp 135-137°C, 'H-NMR (400 MHz, CDCI3, ppm) δ 6 12 A of AB (dd, 3J=5 6 Hz, 3J=2 9 Hz, IH, Hg or 
H9), 5 83 В of AB (dd, 3J=5 6 Hz, 3J=2 9 Hz, IH, Hg or H9), 4 85 (s, IH, Щ), 3 6, 3 4, 3 3, 3 2 (4 br s, 4x 
IH, Hi 1 and His) ( a t ' o w T=260K the signals become sharper, at T=325K these signals merge at 3 34 ppm), 
3 25 (dd, 3J=4 0 Hz, 3J=6 3 Hz, IH, H6), 3 19 (br s. IH. H7), 3 02 (br s, IH, Hi), 2 95 (dd, 3J=4 6 Hz, 3J=6 3 
Hz, IH, H2), 1 65 (m, 6H, Hi 2 . H13 and H14), 1 73 A of AB (d, 2J=8 4 Hz, IH, H)oa or H| 0 s). 1 54 В of AB 
(d, 2J=8 3 Hz, IH, Hioa or Hi 0 s ) , 13C-NMR (100 MHz, CDCI3, T=260K, ppm) δ 203 6 (s, C3), 175 6 (s, 
C5), 134 9 and 130 8 (d, Cg and C9), 101 7 (d. C4), 51 6 (t, Сю), 51 1, 45 1, 44 6 and 43 5 (d, C), C2, C 6 
and C7), 49 0 and 48 7 (t, Ci 1 and C15), 26 3, 25 1 and 23 9 (t, Ci2, C13 and Ci4), IR (КВг, cm'1) ν 3069 
(C-Η, unsat ), 3052 (C-Η, unsat ), 3011 (C-Η, unsat ), 2967 (C-Η, sat ), 2940 (C-Η, sal ), 2858 (C-Η, sat ), 
1643 (enaminone), 1560 (enaminone, very broad), IR (CH2CI2, cm"1) ν 3000 (C-Η, unsat ), 2945 (C-Η, sat ), 
2863 (C-Η, sat), 1715 (enaminone), 1692 (enaminone), 1647 (enaminone), 1561 (enaminone), 1465 
(enaminone), 1453 (enaminone), MS (EI, m/z) 229 (M+), 201 (M+ - CO), 163 (M+ - C5H6), 135 (M+ - CO -
C5H6), 134 (M+ - CO - C 5H 6 - H), 117 (M+ - -CO - NC5H10), 84 (NC5H10), 79 (M+ - C5H6 - NC5H10), 66 
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(C5H6), 28 (CO) Analysis calculated for C15H19NO 78 56 %C, 8 35 %H, 6 11 %N Found 78 45 %C, 8 32 
%H, 6 18 %N 
5-Morpholino-endo-tncyclo[5 2 1 (ß 6]deca-4,8-dien-3 one (11) 
Morpholine (0 59 g, 6 78 mmol) was added lo a suspension of 4 (1 00 g, б 17 mmol) in toluene (30 mL) The 
reaction mixture was heated at reflux for 24 hours During this treatment the reaction mixture became clear and 
then turned yellow After cooling, the reaction mixture was concentrated ш vacuo Pure 11 was obtained by 
flash chromatography (ethyl acetate methanol = 10 1) as yellowish crystals (1 34 g, 94%) which were quite 
hygroscopic Recrystalhzation from 2-propanol provided an analytically pure sample 11 
Mp 113°C, 'H-NMR (400 MHz, CDCI3, T=330K ppm) δ 6 11 A of AB (dd 3J=5 5 Hz, 3J=2 8 Hz, IH, Hg or 
H9 l), 5 82 В of AB (dd, 3J=5 5 Hz, 3J=2 8 Hz, IH, H8 or H9), 4 86 (s, IH, H4), 3 73 (t, 3J=5 0 Hz, 4H, 
CH2O), 3 36 (m, 4H, СЩЫ), 3 25 (dd, 3J=4 0 Hz, 3J=6 4 Hz, IH, H6), 3 20 (br s, IH, H7), 2 97 (br s, IH, 
Hi), 2 95 (dd, 3J=4 5 Hz, 3J=6 4 Hz, IH, H2), 1 75 A of AB (d, 2J=8 4 Hz, IH, Нща °r H I O s), 1 55 В of AB 
(d, 2J=8 4 Hz, IH, Hioa or Hi 0 s ) . 1 64 (br s, ЩО), 13C-NMR (100 MHz, CDCI3, ppm) δ 203 8 (s, C3), 
176 0 (s, C5), 135 1 and 130 5 (d, Cg and C9), 103 5 (d, C4), 66 4 (br t, C_H2N) (at T=330K signal becomes 
sharper}, 51 8 (I, C ] 0), 51 4, 45 1, 44 8 and 43 8 (d, C\, C2, Сб and C7), 47 6 (t, CH2O), IR (KBr, cm ') ν 
3470 (OH, very broad), 3050 (C-Η, unsat ), 2970 (C-Η, sat ), 2940 (C-Η, sat ), 2910 (C-Η, sat ), 2860 (C-H, 
sat ), 2840 (C-Η, sal ), 1630 (enaimnone), 1550 (enaminone, very broad), 1455 (enaminone), IR (CH2CI2, cm" 
·) ν 3500-3200 (OH, very broad and weak), 3050 (C-Η, unsat ), 2974 (C-Η, sat ), 2925 (C-Η, sat ), 2861 (C-
H, sat ), 1713 (enaminone), 1653 (enaminone), 1564 (enaminone), MS (EI, m/z) 231 (M+), 203 (M+ - CO), 
165 (M+ - C5H6), 145 (M+ - NC4HgO), 137 (M+ - CO - C5H6), 117 (M+ - CO - NC4HgO), 79 (M+ - C5H6 -
NC4HgO), 66 (C 5 H 6 ) , 51 (M+ - CO - C 5 H 6 - NC4HgO), 28 (CO), HRMS/EI m/z calculated for 
C14H17NO2 231 1259 amu Found 231 12584±O,0O092 amu Analysis calculated for С HH17NO2 0 5H 2 0 
69 98 %C, 7 55 %H, 5 83 %N Found 69 94 %C, 7 56 %H, 5 87 %N 
5-Di π butylamino-endo-lncyclo[5 2 J (Й °]deca-4,8-dien-3-one (12) 
Di-η butylamine (0 878 g, 6 79 mmol) was added to a suspension of 4 (1 00 g, 6 17 mmol) in toluene (30 mL) 
The reaction mixture was heated at reflux for 120 hours During this treatment the reaction mixture turned into a 
yellow suspension After cooling, the precipitated salt was filtered off and the filtrate was concentrated in vacuo 
The residue was dissolved in dichloromelhane, extracted with 1 M HCl (aq), 1 M КОН (aq) and brine and 
subsequently dried over MgS0 4 Purification with flash chromalograpy (ethyl acetate methanol =10 1) yielded 
pure 12 (0 15 g, 9%) 
1
 H-NMR (400 MHz, CDCI3, ppm) δ 6 12 A of AB (dd, 3J=5 6 Hz, 3J=2 9 Hz, IH, Hg or H9), 5 77 В of AB 
(dd, 3J=5 6 Hz, 3J=2 8 Hz, IH, Hg or H9), 4 78 (s, IH, H4), 3 38 (m, 2H, NCH.2). 3 25 (m, IH, H2 or H6), 
3 19 (br s, IH, Hi or H7), 3 07 (m, 2H, NCH.2). 3 00 (br s, IH, H] or H7), 2 95 (m, IH, H 2 or H6), 1 75-
1 25 (m, ЮН, Ню and NCH2CH.2CH2CH3), 0 99 (t, 3J=7 3 Hz, 2H, CHj), 0 92 (t, 3J=7 3 Hz, 2H, CH3), 
13C-NMR (100 MHz, CDCI3, ppm) δ 203 2 (s, C3), 175 8 (s, C5), 135 0 and 130 5 (d, Cg and C9), 102 9 (d, 
C4), 51 6 (l, С10), 51 4, 45 4, 45 0 and 43 7 (d, С1, C2, C 6 and C7), 50 5 and 50 2 (t. N£H 2), 31 1 and 28 1 
(t, NCH2£H2), 20 1 and 20 0 (t, NCH2CH2C_H2), 13 8 and 13 7 (C_H3), IR (CH2C12, cm"1) ν 2955 (C-H, 
sat ), 2930 (C-H, sal ), 2865 (C-H, sat ), 1640 (enaminone), 1555 (enaminone, broad), 1460 (enaminone), MS 
(EI, m/z) 273 (M+), 245 (M+ - CO), 244 (M+ - СН2СН3), 230 (M+ - CH2CH2CH3), 216 (M+ -
CH2CH2CH2CH3), 207 (M+ - C5H6), 202 (M+ - CO - СН2СН2СНз), 188 (M+ - CO - CH2CH2CH2CH3) 
164 (M+ - C 5H 6 - CH2CH2CH3), 150 (M+ - C5H6 - CH2CH2CH2CH3), 137 (CgHi5N), 123 (G7H13N), 109 
(C6HnN), HRMS/EI m/z calculated for С ι8Η2 7ΝΟ 273 20926 amu Found 273 20923±0 00081 amu 
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5 ((R) I' Phenylethylamino)-endo-tncyclo[5 2 I 02 6]deca-4,8-dien-3-one (17) 
(R)-(+)-ct-phenylelhylamine (2 11 g, 17 4 mmol) was added to a suspension of 4 (2 55 g, 15 7 mmol) in 
toluene (50 mL) The reaction mixture was heated at reflux for 60 hours During this treatment the reaction 
mixture became clear and then turned yellow After cooling, the reaction mixture was concentrated in vacuo The 
diastereomenc mixture of 17a and 17b was separated by flash chromatography (ethyl acetate methanol = 10 I), 
yielding 17a (1 894 g) and 17b (1 893 g) in an overall yield of 91% Analytically pure samples of 17a and 
17b were obtained by crystallization from 2-propanol and ethyl acetate, respectively 
(IR, 2S, 6R, 75, I'R)-5-(l'-Phenylethylammo) endo-tncyclo[5 2 1 &-6]аеса-4,&-а1еп-3-опе (17a) Mp 222-
224°C, [ a ] D 2 0 = +178° (c=l, CHCI3), Ή-NMR (400 MHz, CDCI3, ppm) δ 7 3 (m, 5H, АгН), 6 09 A of AB 
(dd, 3J=4 8 Hz, 3J=2 6 Hz, IH, H8 or H9), 5 89 В of AB (br s, IH, Hg or H9), 5 47 (br d, 3J=5 Hz, IH, NH). 
4 73 (s, IH, H4), 4 35 (quin, 3J=6 6 Hz, IH, NHCHCH3), 3 14 (br s, 2H, H6 and H7), 3 03 (br s, IH, H]), 
2 84 (t, 3J=5 4 Hz, IH, H2), 1 74 A of AB (d, 2J=8 3 Hz, IH. Ню а or H| 0 s ) , 1 49 (d, 3J=6 9 Hz, 4H, CH3, 
and Нюа or Hi 0 s ) , 13C-NMR (100 MHz, CDCI3, ppm) δ 204 5 (s, C3), 174 6 (s, C5), 142 2 (s, ArCj), 
134 7 and 131 1 (d, Cg and C9), 128 8 (d, ArC_), 127 7 (d, ArCJ, 125 9 (d, ArÇJ, 103 4 (d, C4), 54 6 (d, 
NHCHCH3), 51 8 (t, Сю), 50 7, 46 3, 43 6 and 43 3 (d, C\, C2, Q and C7), 22 5 (q, C_H3), IR (KBr, cm ') 
ν 3199 (NH), 3031 (C-Η, unsal ). 2956 (C-Η, sat ), 2930 (C-Η, sat ), 2862 (C-Η, sat ), 1640 (enaminone), 
1550 (enaminone, very broad), 1493 (enaminone), 1447 (enaminone), IR (CH2C12, cm-1) ν 3418 (NH), 3031 
(C-Η, unsat ), 3007 (C-Η, sat ). 2968 (C-Η, sat ), 2941 (C-Η, sat ), 2872 (C-Η, sat ), 1712 (enaminone), 1657 
(enaminone), 1573 (enaminone), 1516 (enaminone), MS (EI, m/z) 265 (M+), 237 (M+ - CO), 222 (M+ - CO -
CH3), 199 (M+ - C5H6), 184 (M+ - C 5 H 6 - CH3), 171 (M+ - CO - C5H6), 160 (M+ - CHCH3PI1), 132 (M+ -
CO - CHCH3Ph), 105 (CHCH3PI1), 77 (Ph), 66 (C5H6), 28 (CO), Analysis calculated for CigH19NO 81 48 
%C, 7 22 %H, 5 28 %N Found 81 49 %C. 7 19 %H, 5 39 %N 
(IS, 2R, 6S, 7R, l'R)-5-(l'-Phenylelhylammo) endo-rncyc/o/5 2 1 (P^ldeca 4,8-dien-3-one (17b) Mp 208-
209°C, [ a ] D 2 0 = +117° (c=0 51, CHCI3). Ή-NMR (400 MHz, CDCI3, T=265K, ppm) δ 7 3 (m, 5H, АгН), 
6 05 (br s, IH, NH), 5 92 A of AB (dd, 3J=5 3 Hz, 3J=2 7 Hz, IH, Hg or H9), 5 68 В of AB (dd, 3J=5 3 Hz, 
3J=2 5 Hz, IH, Hg or H9), 4 66 (s, IH, H4), 4 33 (quin, 3J=6 6 Hz, IH, NHCH.CH3), 3 20 (t, 3J=5 Hz, IH, 
H6), 3 12 (br s, IH, H7), 3 07 (br s, IH, Hi), 2 91 (t, 3J=5 4 Hz, IH, H2), 1 70 A of AB (d, 2J=8 3 Hz, IH, 
Нюа or Hios), 1 48 (d, 3J=6 7 Hz, 4H, CHj, and H i 0 a or H 1 0 s ) , Ή-NMR (400 MHz, CDCI3, T=320K, 
ppm) δ 7 3 (m, 5H, АгН), 5 96 A of AB (dd, 3J=5 5 Hz, 3J=2 9 Hz, Ш, Hg or H9), 5 68 В of AB (br s, IH, 
Hg or H9), 5 21 (br s, IH, NH), 4 72 (s, IH, H4), 4 37 (br s, IH, NHCHCH3), 3 13 (t, 3J=6 5 Hz, IH, H6), 
3 12 (br s, IH, H7), 2 99 (br s, IH, H|), 2 86 (dd, 3J=4 6 Hz, 3J=6 3 Hz, IH, H2), 1 71 A of AB (d, 2J=8 4 
Hz, IH, Нюа or Hi 0 s ), 1 48 В of AB (d, 2J=8 4 Hz, IH, H 1 0 a or Hi 0 s), 1 51 (d, 3J=6 8 Hz, 3H, СНз), 1 3C-
NMR (100 MHz, CDCI3, T=320K, ppm) δ 204 3 (s, C3), 174 5 (s, C5), 142 6 (s, ΑΓ&), 134 7 and 130 9 (d, 
Cg and C9), 128 8 (d, ArCJ, 127 7 (d, ArCJ, 125 8 (d, ArQ, 103 6 (d, C4), 54,7 (d, NHC.HCH3), 51 8 (t, 
Сю), 50 8, 46 4, 43 9 and 43 4 (d. Ci, C2, C 6 and C7), 22 8 (q, £H 3 ) , IR (KBr, cm"1) ν 3202 (NH), 3035 
(C-Η, unsat ), 2960 (C-Η, sat ), 2937 (C-Η, sat ), 2867 (C-Η, sat ), 1638 (enaminone), 1550 (enaminone, very 
broad), 1493 (enaminone), 1448 (enaminone), IR (СН2СІ2. cm ·) ν 3421 (NH), 3032 (C-Η, unsat ), 2975 (C 
H, sat), 2939 (C-Η, sat), 2872 (C-Η, sat), 1712 (shoulder 1723, enaminone), 1656 (enaminone), 1573 
(enaminone), 1516 (enaminone), MS (El, m/z) 265 (M+), 237 (M+ - CO), 222 (M+ - CO - CH3), 199 (M+ -
C5H6), 184 (M+ - C 5 H 6 - CH3), 171 (M+ - CO - C5H6), 160 (M+ - CHCH3PI1), 132 (M+ - CO - CHCH3PI1), 
105 (CHCH3PI1), 77 (Ph), 66 (C5H6). Analysis calculated for CigH|9NO 81 48 %C, 7 22 %H, 5 28 %N 
Found 81 40 %C, 7 19 %H, 5 36 %N 
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5-((S)-2'-Hydroxymethylpyrrolidtn-I'-yl)-endo-tncyclo[5 2 / Ф6]аеса-4Л-аігп-3-опе (18) 
L-prohnol (0 97 g, 9 6 mmol) was added to a suspension of 4 (1 30 g, 8 0 mmol) in toluene (30 mL) The 
reaction mixture was heated at reflux for 48 hours During this treatment the reaction mixture became clear and 
then turned yellow After cooling, the reaction mixture was concentrated in vacuo The major diastereomer 18a 
was isolated by flash chromatography (ethyl acetate methanol = 6 1) of the 3 1-diastereomenc mixture The 
overall yield of the reaction was 91% (1 79 g) 
When the reaction was performed on larger scale (40 mmol) 18a was obtained in pure form in 42% yield (4 13 
g) from the diastereomenc mixture by repeated crystallization from ethyl acetate 
(IR, 2S. 6R, 7S, 2'R) 5-(2'-Hydroxymethylpyrrolidin-I'-yl) endo-tncyclo[5 2 I (Й'6]с1еса-4,8Ліеп-3-опе (18a) 
Mp 182°C, [ o ] D 2 0 = -20 8° (c=l 14, CHCI3), Ή-NMR (400 MHz, CDCI3, ppm) δ 6 01 A of AB (dd, 3J=5 5 
Hz, 3J=2 8 Hz, IH, Hg or H9), 5 83 В of AB (dd, 3 J=5 5 Hz, 3J=2 8 Hz, IH, H g or H 9 ) . 4 84 (s, IH, H 4 ), 
3 63 (m, 4H, NCH2CH2 and СШОН), 3 42 (m, IH, CHCH2OH), 3 26 (m, IH, C 2 or C 6), 3 15 (m, 2H, OH 
and Ci or C 7), 3 07 (br s, IH, Ci or C 7), 2 92 (m, IH, C 2 or C 6), 2 04 (m, 4H, NCH2CH2CH2). 1 73 A of 
AB(d„ 2 J=8 3Hz IH, HioaOrHios), 1 54 В of AB (d, 2J=8 3 Hz, IH, H 1 0 a or Hios). 13C-NMR (100 MHz, 
CDCI3, ppm) δ 203 7 (s, C3), 175 3 (s, C 5 ), 134 3 and 130 9 (d, Cg and C 9 ), 102 6 (d, C 4 ), 62 0 (d, 
Ç_HCH2OH), 60 5 (t, £H2OH), 51 6 (t, Сю), 50 9, 46 2, 44 00 and 43 96 ( С
ь
 C 2 , C 6 and C7), 49 0 (t, 
NCH2CH2), 27 4 and 23 5 (t, N C H ^ H ^ H ^ The NMR spectra are rather complicated because of the second 
set of signals arising from the rotamers IR (CHCI3, cm ') ν 3300 (O-Η, very broad), 2980 (C-Η, sat ), 2870 
(C-Η, sat ), 1635 (enaminone), 1545 (enaminone), MS (EI, m/z) 246 (M+ + H), 245 (M+), 217 (M+ - CO), 
180 (M+ - C6H5), 148 (M+ - C 6 H 5 - CH3OH), HRMS/EI m/z calculated for C [ 5 H i 9 N 0 2 245 1416 amu 
Found 245 14164±0 00097 amu 
5-HS)-2'-Methoxymethylpyrrolidin-l'-yl)-endo-tncyclo[5 2 1 (ß'6]deca-4,&-dien-3-one (19) 
L-prolinol methyl ether (0 28 g, 2 4 mmol) was added to a suspension of 4 (0 32 g, 2 0 mmol) in toluene (20 
mL) The reaction mixture was heated at reflux for 42 hours During this treatment the reaction mixture became 
clear and then turned yellow After cooling, the reaction mixture was concentrated in vacuo The 3 1-
diastereomenc mixture of 19a and 19b was purified by column chromatography (ethyl acetate methanol = 4 1) 
but the isomers could not be separated The overall yield of the reaction was 79% (0 49 g) 
The major diastereomer 19a could be obtained in pure form by alkylating 18a 
Sodium hydride (0 36 g of a 50% suspension in mineral oil, 7 5 mmol) was added to a solution of 18a (1 23 g, 
5 0 mmol) in DMF (12 mL), under argon at room temperature After 15 minutes stirring methyl iodide (1 07 g, 
7 5 mmol) was added through a syringe The reaction mixture was stirred for 1 hour at room temperature After 
quenching with water the reaction mixture was extracted with dichloromethane (3x) The combined organic layers 
were extracted with brine, dried over Na2S04 and concentrated m vacuo The crude reaction product was purified 
by flash chromatography (ethyl acetate methanol = 6 1), yielding 19a as a yellowish oil (1 18 g, 91%) 
(IR, 2S, 6R, 75, 2'R) 5-(2'-Methoxymethylpyrrolidin-l'-yl)-cndo-tncyclol5 2 I &-6]аеса-4,8-а\еп-3-опе (19a) 
Ή-NMR (300 MHz, CDCI3, ppm) δ 6 11 A of AB (dd, 3J=5 4 Hz, 3J=2 8 Hz, IH, Hg or H 9), 5 77 В of AB 
(dd, 3J=5 4 Hz, 3J=2 8 Hz, IH, Hg or H 9), 4 77 (s, IH, H4), 3 73-2 91 (m, 6H, CH2-N-CH.CH2OCH3 and C 2 
or C 6), 3 32 (s, 3H, ОСЦ3), 3 21 (br s, IH, Ci or C 7), 3 05 (br s, IH, Ci or C 7), 2 93 (m, IH, C 2 or C 6 ), 
2 03 (m, 4H. NCH2CH2CH2). 1 74 A of AB (d, 2J=8 3 Hz, IH, H i 0 a or H | 0 s ) , 1 55 В of AB (d, 2J=8 3 Hz, 
IH, H|0a or Hios), 1 3C-NMR (75 MHz, CDCI3, ppm) δ 203 3 (s, C 3), 174 2 (s, C 5), 134 5 and 130 6 (d, 
Cg and C9), 102 8 (d, C4), 70 8 (q, OC.H3), 59 6 (d, CHCH 2 0CH 3 ), 58 9 (t, £Н 2ОСНз), 51 5 (t, Сю), 50 9, 
46 3, 44 0 and 43 9 ( C b C 2 , C 6 and C 7), 48 9 (t, N£H2CH2), 27 8 and 23 7 (t, N C H ^ H ^ ^ ) The NMR 
spectra are rather complicated because of the second set of signals arising from the rotamers IR (CHCI3, cm"') 
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ν 2980 (C-Η, sat ), 2930 (C-Η, sat ), 2875 (C-Η, sat ), 1640 (enaminone), 1550 (enaminone, broad), MS (EI, 
m/z) 259 (M+), 231 (M+ - CO), 214 (M+ - СН2ОСН3), 193 (M+ - C5H6), 186 (M+ - CO - CH2OCH3), 148 
( M + - C5H6 - СНгОСНз), HRMS/EI m/z calculated for C16H21NO2 259 1572 amu Found 
259 15705±0 00097 amu 
5-((S)-2'-Carbomethoxypyrrolulm-r-yl)-endo-tncyclo[5 2 I &-6}аеса-4,8-а\еп 3-one (20) 
L-proline methyl ester (0 39 g, 3 0 mmol) was added to a suspension of 4 (0 32 g, 2 0 mmol) in toluene (20 
mL) The reaction mixture was heated at reflux for 24 hours During this treatment the reaction mixture became 
clear and then turned yellow After cooling, the reaction mixture was concentrated in vacuo The 18 1-
diastereomenc mixture of 20a and 20b was purified by column chromatography (ethyl acetate methanol = 6 1) 
but the isomers could not be separated The overall yield of the reaction was 94% (0 55 g) 
IR (CHCI3, cm' 1 ) ν 2975 (C-Η, sat), 2950 (C-Η, sat), 2865 (C-Η, sat), 1735 (C=0, ester, broad), 1655 
(enaminone, broad), 1555 (enaminone, broad), MS (EI, m/z) 273 (M+), 245 (M+ - CO), 214 (M+ - COOCH3), 
207 (M+ - C 5 H 6 ) , 186(M+ - CO - COOCH3), 148 (M+ - C 5 H 6 - COOCH3), 70 (C4HgN), HRMS/EI m/z 
calculated for С16H19NO3 273 1365 amu Found 273 1365±0011 amu 
The NMR-spectra are very complex due to the mixture of both diastereomers and the presence of rotamers for 
each diastereomer 
5-((S)-2'-Acetoxymethylpyrrohdm-l'-yl) endo-tncyclo[5 2 I 0 2 6]deca-4,8-dien-3-one (21) 
A 3 1-mixture of 18a and 18b (261 mg, 1 07 mmol) was dissolved in dichloromethane (5 mL) together with 
tnethylamine (222 mg, 2 2 mmol) and DMAP (12 mg, 0 1 mmol) After the addition of acetic anhydride (123 
mg, 1 2 mmol) the reaction mixture was stirred for 25 mm at room temperature The reaction was terminated by 
concentration in vacuo The crude reaction mixture was purified by flash chromatography (ethyl acetate methanol 
= 4 1) Both diastereomers 21a (212 mg) and 21b (73 mg) were obtained separately as a yellowish oil in an 
overall yield of 96% 
(IR. 2S, 6R, 7S, TSyS-i-T-Acetoxymethylpyrrohdin-l'ylHnao-mcyclolS 2 I ^Ыеса-^-аіеп-З-опе (21a) 
1
 H-NMR (400 MHz, CDCI3, ppm) δ 6 08 A of AB (dd, 3J=5 3 Hz, 3J=2 9 Hz, IH, Hg or H9), 5 78 В of AB 
(dd, 3J=5 4 Hz, 3J=2 8 Hz, IH, H 8 or H 9), 4 86 (s, IH, H 4), 4 10 A of AB (dd, 2J=11 1 Hz, 3J=5 1 Hz, IH, 
CH.2OH), 3 93 В of AB (dd, 2J=11 1 Hz, 3J=6 3 Hz, IH, СЩОН), 3 83 (m, IH, CHCH2OH), 3 65 (m, 2Н, 
NCH2CH2), 3 28 (dd, 3J=6 0 Hz, 3J=4 2 Hz, IH, C 2 or C 6), 3 19 (br s, IH, Ci or C 7), 3 06 (br s, IH, Ci or 
C 7), 2 92 (dd, 3J=5 8 Hz, 3J=4 8 Hz, IH, C 2 or C 6), 2 04 (m, 4H, NCH2CH.2CH2). 2 00 (s, 3H, OCOCH3), 
1 74 A of AB (d, 2J=8 3 Hz, IH, H i 0 a or Hio s). 1 55 В of AB (d, 2J=8 3 Hz, IH, H i 0 a or H i 0 s ) , 1 3C-NMR 
(100 MHz, CDCI3, ppm) δ 203 3 (s, C3), 174 5 (s, C5), 134 4 and 130 5 (d, Cg and C 9), 103 5 (d, C4), 62 8 
(t, C.H2OAc), 58 6 (d, £HCH2OAc), 51 5 (l, C I 0 ) , 50 9, 46 1, 43 95 and 43 88 (Ci, C 2, C 6 and C 7), 48 4 (t, 
NCH2CH2), 27 5 and 23 4 (t, NCH2CH2C.H2), 20 7 (q, OCOC_H3) The NMR spectra are rather complicated 
because of the second set of signals arising from the rotamers IR (CHCI3, cm"1) ν 2970 (C-Η, sat ), 2870 (C-
H, sat ), 1735 (C=0, acetate), 1640 (enaminone), 1545 (enaminone, broad), MS (EI, m/z) 288 (M+ + H), 287 
(M+), 259 (M+ - CO), 222 (M+ - C 5 H 6 ) , 162 (M+ - C 5 H 6 - OAc), 148 (M+ - C 5 H 6 - CH2OAc), HRMS/EI, 
m/z calculated for С17H21NO3 287 1521 amu Found 287 1522±0 0011 amu 
(IS, 2R, 6S, 7R, 2'S)-5-(-2'-Acetoxymethylpyrrolidm-l'-yl)-tnào-tncyclol5 2 1 026]deca 4,8-dien-3-one(21b) 
'H-NMR (400 MHz, CDCI3, ppm) δ 6 11 (br s, IH, Hg or H 9), 5 82 (br s, IH, Hg or H9), 4 88 (s, IH, H 4), 
4 15 A of AB (dd, 2J=11 1 Hz, 3 J=3 7 Hz, IH, CH2OH), 3 94 В of AB (dd, 2I=11 1 Hz. 3J=7 8 Hz, IH, 
СИ2ОН), 3 80 (br s, IH, CHCH2OH), 3 70 (m, IH, NCH2CH2), 3 56 (m, IH, NCH2CH2), 3 28 (dd, 3J=5 8 
Hz, 3J=4 3 Hz, IH, H 2 or H6), 3 20 (br s, IH, Hi or H7), 3 09 (br s, IH, Hi or H 7), 2 97 (m, IH. H 2 or H 6), 
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2 15-1 85 (m, 4H, NCH2CH2CH2). 2 05 (s, 3H, OCOCH3), 1 75 A of AB (d, 2J=8 3 Hz, IH, H | 0 a or H i 0 s ) , 
1 56 В of AB (d, 2J=8 3 Hz, IH, H i 0 a or H 1 0 s ) , I 3C-NMR (100 MHz, CDC13> ppm) δ 203 3 (s, C3), 173 9 
(s, C 5), 134 8 and 130 3 (d, C 8 and C 9), 104 5 (d, C 4), 62 1 (t, £H 2OAc), 58 6 (d, £HCH 2OAc), 52 0 (t. 
Сю), 51 4, 46 4, 44 2 and 44 1 (C\, C 2 , C 6 and C 7), 48 6 (t, NC_H2CH2), 28 2 and 23 2 (t, NCH2£H2£H2), 
20 7 (q, OCOQH3) The NMR spectra are rather complicated because of the second set of signals arising from 
the rotamers IR (CHCI3, cm"1) ν 2980 (C-Η, sat ), 2870 (C-Η, sal ), 1730 (C=0, acetate), 1640 (enaminone), 
1545 (enaminone, broad), MS (EI, m/z) 287 (M+), 259 (M+ - CO), 222 (M+ - C 5 H 6 ) , 162 (M+ - C 5 H 6 -
OAc), 148 (M + - C5H6 - CH2OAc), HRMS/EI m/z calculated for C | 7 H 2 i N 0 3 287 1521 amu Found 
287 1522±0 0011 amu 
(+)-(lR, 2S, ÓR, 7S) endo-TncycloP 2 1 (ß-6]deca-4,8-dien-3-one ((+)-22) 
A 1 0 M solution (0 70 mL, 0 7 mmol) of L1AIH4 in THF was added to neat compound 18a (245 mg, 1 mmol) 
through a syringe, under argon at room temperature The reaction mixture became homogeneous after 30 min, 
stirring was continued for an additional hour The reaction was quenched with water (0 5 mL) and the mixture 
was stirred for 5 min Subsequently a 20% aqueous solution of KOH (1 mL) was added with stimng for another 
45 mm The reaction mixture was diluted with water (10 mL), neutralized with a dilute solution of HCl (aq) and 
extracted with dichloromethane (5x) The combined organic layers were extracted with brine, dried over Na2S04 
and concentrated in vacuo The crude reaction product was purified by flash chromatography (л hexane ethyl 
acetate = 2 1), to give crystalline, optically pure (+)-22 (104 mg, 71%) [ O ] D 2 4 = +137° (c=l 05, MeOH) 
In literature^·7 a [ o ] D 2 0 = +139° (c=0 95, MeOH) 
enáo-5-Pipendinyl-endo-tncych[5 2 I (fi-6]dec-&-ene-enao-3-ol (23) 
A solution of 10 (229 mg, 1 0 mmol) in THF (5 mL) was added to a suspension of L1AIH4 (60 mg, 1 6 mmol) 
in THF (10 mL) under argon The reaction mixture was stirred for 1 h at room temperature The reaction was 
quenched with a 4 5 M solution of KOH (aq) (0 2 mL) After stimng for 15 mm the precipitate was filtered off 
and the filtrate concentrated 1/1 vacuo Purification of the crude product by chromatography (eluent was slowly 
changed from η hexane ethyl acetate = 3 1 to ethyl acetate methanol = 10 1) resulted in the isolation of 22 (60 
mg, 41%) and 23 (61 mg, 26%), as colorless oils 
23 'H-NMR (400 MHz, CDCI3, ppm) δ 6 23 A of AB (dd, 3J=5 4 Hz, 3J=3 1 Hz, IH, H 8 or H 9), 5 99 В of 
AB (dd, 3J=5 4 Hz, 3J=2 8 Hz, IH, Hg or H9), 4 28 (dt, 3J= 10 7 Hz, 3J= 8 2 Hz, IH, H 3), 2 93 (br s, 2H, Hi 
and H 7), 2 86 (dt, 3 J= 8 6 Hz, 3J=4 1 Hz, IH, H 2), 2 78 (dt, 3J=8 2 Hz, 3 J=3 8 Hz, IH, H 6), 2 5-2 3 (m, 3H, 
H 5 a n d 2 x H i 1 / | 5 ) , 2 23 (br s, 2H, Нц/is), 1 79 (dt, 2J=11 3 Hz, 3J=7 4 Hz, IH, H 4 x ) , 1 67 (q, J=l 1 3 Hz, 
IH, H 4 n ) , 154(m, 4H, H ] 2 and H 1 4 ) , 1 42 (m, 2H, H13), 1 32 A of AB (d, 2J=7 9Hz, IH, H 1 0 a o r H i 0 s ) , 
1 22 В of AB (d, 2J=7 9 Hz, IH, H I O a or H i 0 s ) . 13C-NMR (100 MHz, CDCI3, ppm) δ 138 4 and 134 2 (d, 
Cg and C9), 73 0 (d. C3), 63 8 (d, C 5), 53 9 (t, C | 1 and C15), 50 9 (t. C 1 0 ) , 50 2, 49 3, 45 9 and 44 8 (d, Ci, 
C 2 , Сб and C 7), 400 (t, C 4), 26 1 (t, C ! 2 and Ci 4 ) , 24 7 (t, C13), IR (ССЦ, cm"1) ν 3615 (O-H), 3070 (C-
H, unsat ), 2960 (C-Η, sat ), 2930 (C-Η, sat ), 2855 (C-Η, sat ), 2785 (C-Η, sat ), 2745 (C-Η, sat ), GC/MS 
(EI, m/z) 233 (M+), 232 (M+ - H), 216 (M+ - OH), 166 (M+ - Η - C 5 H 6 ), 149 (M+ - C 5 H 4 N), HRMS/EI m/z 
calculated for C|5H23NO 233 1780 amu Found 233 1784+0 0012 amu 
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endo-Tncyclo¡5 2 1 (¿¿¡decS-enS one (24), 
endo-5 benzylanuno-endo-tncych[5 2 I (fi-6]dec-8-ene-enào-3-ol (25) and 
endo-3-benzylamino endo-tncyclo[5 2 1 (P-6]dec-8-ene (26) 
A solution of 8 (251 mg, 1 0 mmol) in THF (2 mL) was added to a suspension of L1AIH4 (500 mg, 13 3 
mmol) in THF (10 mL) under argon The reaction mixture was heated at reflux for 62 h The reaction was 
stopped by adding a 4 5 M solution of KOH (aq) (0 2 mL) After stimng for 15 mm the precipitate was filtered 
off and the filtrate concentrated in vacuo Purification of the crude product by chromatography (eluent was slowly 
changed from η hexane ethyl acetate = 3 1 to ethyl acetate methanol = 10 1) resulted in the isolation of 24 (21 
mg, 14%), 25 (43 mg, 17%) and 26 (54 mg, 23%) as colorless oils 
24 'Н-NMR (400 MHz, CDCI3, ppm) δ 6 22 (dd, 3J=5 7 Hz, 3J=2 9 Hz, IH, Hg or H9), 6 12 (dd, 3 J=5 7 
Hz, 3J=2 9 Hz, IH, H 8 or H 9), 3 20 (br s, IH, Hi or H7), 3 00 (br s, IH, Hi or H 7), 2 96 (m, IH, H 2 or H 6), 
2 86 (m, IH, H 2 or H 6 ), 2 13 (m, IH, H4), 2 00 (m, 2H, H 4 and H 5 x ) , 1 58 (m, 2H, H 5 n and Н ю а or H i 0 s ) . 
1 42 В of AB (d, 2J=8 2 Hz, IH, Η
ι 0 , or H i 0 s ) , 13C-NMR (100 MHz, CDCI3, ppm) δ 222 4 (s, C3), 136 2 
and 134 8 (d, Cg and C 9), 54 3, 47 5, 47 0 and 41 2 (d, Ci, C 2, C 6 and C 7), 52 3 (t, Сю), 406 (t, C4), 22 7 
(t, C 5), IR (CH2C12, cm"1) ν 3066 (C-Η, unsat ), 2969 (C-Η, sat ), 2946 (C-Η, sat ), 2871 (C-Η, sat ), 1727 
(CO), GC/MS (EI, m/z) 148 (M+), 120 (M+ - CO), 82 (M+ - C 5 H 6 ), 66 (C 5 H 6 + ) 
25 'H-NMR (400 MHz, CDCI3, ppm) δ 7 2 (m, 5H, АгЦ). 6 12 (dd, 3J=5 6 Hz, 3J=2 3 Hz, IH, H9), 6 07 
(dd, 3J=5 6 Hz, 3J=3 0 Hz, IH, Hg), 3 93 A of AB (d, 2J=12 9 Hz, IH, NHCH2Ph). 3 77 (m, IH, H3), 3 72 В 
of AB (d, 2J=12 9 Hz, IH, NHQ&Ph), 2 85-2 60 (m, 5H, Hj, H 2 , H 5 , H 6 and H7), 2 16 (br s, 2H, NH and 
OH), 1 64 (m, IH, H 4 x ) , 1 37 (m, IH, H4n), 1 32 A of AB (d, 2J=8 0 Hz, IH, H i 0 a ) , 1 19 В of AB (d, 2J=8 0 
Hz, IH, Hios). 13C-NMR (100 MHz, CDCI3, ppm) δ 140 5 (s, ArCJ, 137 7 and 136 6 (d, Cg and Cg), 128 4 
(d, ArCJ, 128 1 (d, Ar£), 127 0 (d, Ar£p), 77 8 (d, C3), 68 2 (d, C 5), 53 0 (t, NHÇH2Ph), 51 1 (t, Сю), 48 5, 
46 8, 44 8 and 41 8 (d, C], C 2 , C 6 and C 7), 34 9 (t, C4), IR (CH2C12, cm"1) ν 3590 (O-Η, N-H), 3035 (C H, 
unsat ), 2970 (C-Η, sat ), 2940 (C-Η, sat ), 2885 (C-Η, sat ), GC/MS (El, m/z) 256 (M+ + H), 255 (M+), 238 
(M+ - OH), 171 (M+ - H 2 0 - C 5 H 6 ) . 91 (C 7 H 7 + ) , HRMS/EI m/z calculated for C ] 7 H 2 i N O 255 16231 amu 
Found 255 1623710 00097 amu 
26 [H-NMR (400 MHz, CDCI3, ppm) S 7 30 (m, 5H, ArH). 6 22 (dd, 3 J=5 6 Hz, 3J=2 9 Hz, IH, H 9), 6 11 
(dd, 3J=5 6 Hz, 3J=3 1 Hz, IH, Hg), 3 89 A of AB (d. 2J=13 0 Hz, IH, NHCH2Ph), 3 81 В of AB (d, 2 J=I3 0 
Hz, IH, NHCH.2Ph), 3 16 (m, IH, H3), 2 94 (br s, IH, H]), 2 84 (m, IH, H 2), 2 81 (br s, IH, H 7), 2 68 (m, 
IH, H 6), 1 67 (m, 2H, H 4 x and NH), 1 50 (m, IH, H 5 x ) , 1 45-1 26 (m, 4H, H 4 n , H 5 n and H] 0 ) . I 3C-NMR 
(100 MHz, CDCI3, ppm) δ 140 9 (s, Ar£), 137 1 and 135 1 (d, Cg and C 9), 128 3 (d, ArCJ, 128 1 (d, Ar£), 
126 8 (d, Ar£p), 60 8 (d, C3), 53 1 (t, NH£H 2Ph), 52 4 (t, Сю), 50 4, 47 1, 45 4 and 44 9 (d, Ci, C 2 , C 6 
and C 7), 34 4 (1, C 4), 25 9 (t, C5), IR (CH2C12, cm"1) ν 3030 (C-Η, unsat ), 2965 (C-Η, sal ), 2940 (C-H, 
sat ), 2885 (C-Η, sat ), GC/MS (El, m/z) 240 (M+ + H), 171 (M+ - C 5 H 6 - 2H), 91 (C 7 H 7 + ) , HRMS/EI m/z 
calculated for C i 7 H 2 i N 239 1674 amu Found 239 16740±0 00069 amu 
4.6.1 Crystal structures 
(IR, 2S, 6R, 7S, ]'R)-5-(l'-Phenylethylamino)-endo-trtcyclo[5 2 1 02·6¡deca-4,8-dien-3-one 17a 
A regularly shaped crystal of dimensions 0 42 χ 0 39 χ 0 20 mm was mounted on a glassfiber and the 
structure of 17a was determined at 293K Crystal data are given in Table 4 3 The crystal structure was 
determined using CRUNCH 2 0 The structure was refined by full-matrix least squares on F 0
2
 values using 
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SHELXL-932' with anisotropic temperature factors for the non-hydrogen atoms All hydrogen atoms were taken 
from a difference Fourier map and were freely refined The refinement converged to an R-value of 0 0298 
Data collection and processing for 17a CAD4 diffractometer, СО-2 mode with scan width = 1 5(0 736 + 
0 393tan0)°, maximum scan time 30 s, graphite-monochromated MoKa radiation, 2548 reflections measured of 
which 2227 independent [merging R,
nt = 0 0083 after absorption correction, giving 1950 reflections with 
Ι>2σ(Ι)] 




















Data / restraints / parameters 
Goodness-of-fit on F 0
2 
Final R indices [Ι>2σ(Ι)] 
R indices (all data) 
Largest diff peak and hole 
CigHigNO 
colorless/regular plate 
265 34 g mol"1 
293(2)К 
ΜοΚα (graphite monochrom ) / 0 71073 Â 
Monoclinic 
Ρ2ι 
a = 6 7406(4) Â α = 90 0 o 
b = 9 959(2) Â β = 102 969(5)" 
c = 11 3123(8) À α = 90 0° 
740 0(2) À3 
2 
1 191 gem"3 
0 073 mm-1 
284 
0 42 χ 0 39 χ 0 20 mm 
2 76 to 26 29° 
-8<h<6, -12<k<9, -13<l<14 
2548 
2227 (R,nt=0 0083) 




Rl = 0 0298, wR2 = 00694 
Rl = 0 0377, wR2 = 0 0739 
0 121 and-0 І П е А " 3 
(IR, 2S. 6R, 7S, 2'R)-5 (T-Hydroxymethylpyrrolidm-l'-yl)-tndo-tncyclo[5 2 I &'6]аеса-4,&-аіеп-3-опе 18a 
A regularly shaped crystal of dimensions 0 53 χ 0 25 χ 0 13 mm was mounted on a glassfiber and the 
structure of 18a was determined at 293K Crystal data are given in Table 4 4 The crystal structure was 
determined using CRUNCH20 The structure was refined by full-matrix least squares on F 0
2
 values using 
SHELXL-932' with anisotropic temperature factors for the non-hydrogen atoms All hydrogen atoms were taken 
from a difference Fourier map and were freely refined The refinement converged to an R-value of 0 0322 
Data collection and processing for 18a CAD4 diffractometer, <о-2 mode with scan width = 1 5(0 517 + 
0 472іап )°, maximum scan time 30 s, graphite-monochromated MoKa radiation, 1482 reflections measured of 
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which 1356 independent [merging R l n t = 0 0105 after absorption correction, giving 1237 reflections with 
Ι>2σ(Ι)] 




















Data / restraints / parameters 
Goodness-of-fit on F 0 ^ 
Final R indices [Ι>2σ(Ι)] 
R indices (all data) 
Largest diff peak and hole 
C15H19NO2 
colorless/regular 
245 31 g mol"1 
293(2)К 
MoKoc (graphite monochrom ) / 0 71073 Â 
Monoclinic 
P2i 
a = 6 0757(4) Â α = 90 0° 
b = 11 3473(5) Â β = 104 686(6) 
c = 95114(7) A α = 90 0° 
634 32(7) À3 
2 
1 284 g cm'3 
0 085 mm"1 
264 
0 53 χ 0 25 xO 13 mm 
2 85 to 26 29° 
0<h<7, 14<k<0, -US1<11 
1482 
1356 (R l n t=0 0105) 
Full-matnx, least-squares on F 0
2 
1356/ 1 /239 
1 096 
R| = 0 0322, wR2 = 0 0764 
Ri = 0 0372, wR2 = 0 0795 
0 114 and-0 158 e A"3 
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OF TRICYCLIC ENAMINONES 
5.1 Introduction 
In 1964, Eaton and Cole1 succeeded in the synthesis of cubane, despite rather 
discouraging calculations of its strain energy performed by Weltner2. These calculations 
indicated that the existence of cubane at room temperature would be highly unlikely as the strain 
energy of cubane is -80 kcal/mole higher than its isomer cyclooctatetraene. However, cubane 
turned out to be thermally surprisingly stable, decomposing only at 200°C. Later, its strain 
energy was determined experimentally to be 158 kcal/mole3, which was in agreement with the 
calculated value. This thermal stability of cubane and its congeners is mainly the result of the 
inability of cage compounds to undergo conceited bond reorganizations in the ground state as 
formulated in the orbital symmetry rules4. 
The successful synthesis of cubane prompted many research groups to explore the 
synthetic possibilities and properties of highly strained polycyclic cage compounds5. These 
molecules are appealing to many chemists because of their particular shape, the inherent ring 
strain, their special structural features, especially the deformation of the ideal carbon-carbon 




cage compounds is their use as intermediates in the synthesis of complex, polycyclic natural 
products. Mehta's group58·6·7 was the first to explore this approach. 
Taking into consideration the general importance of nitrogen-containing functionalities 
in pharmacologically active substrates, the synthesis of amino-substituted cage compounds 
became of interest. The potential of nitrogen-containing rigid polycyclic 
compounds as biologically active agents was first discovered by Da vies et α/.8 
who established the antiviral activity against Asian (A2) influenza exhibited by 
1-amino-adamantane (amantadine, Symmetrel™) 1. The serendipitous finding9 
that amantadine has clinically significant antiparkinsonian activity as a result of 
its stimulating effect on the release of dopamine, induced extensive research to * 
reveal the biological mechanism. Owing to the rather high pK
a
-value (10.8) of 
the primary amine of 1 most of the drug is protonated at physiological pH. So, how does it 
pass through the blood-brain barrier to exert its effect on dopaminergic neurons? A conceivable 
explanation would be that the cage-like structure of amantadine 1 not only increases its 
lipophilicity but also precludes its catabolism by oxidative enzymes, making more of the drug 
available for penetration into the central nervous system, even though this might be in minute 
amounts. Metabolism studies revealed that amantadine is excreted in the urine unchanged10. 
The incorporation of the adamantyl moiety into drugs resulted in increased duration of action, 
drug potency, speed of action and receptor site specificity". 
A different application of the adamantyl moiety described recently12 is its use in a 
lipophilic polyamino-bolaamphiphile designed to cross a bilayer membrane. A linear 
hydrophobic octaamine is prepared, where each nitrogen along the chain is substituted by an 





As an obvious consequence of these intriguing results the search for novel, 
pharmacologically active cage compounds was initiated Recent examples of nitrogen-
containing cage compounds are amino-denvatives of D3-tnshomocubanes 2 1 3 , 4-
homoisotwistane 3 1 4 , bishomocubane 4 1 5 , the bird-cage system16 (5 and 6) and the 
pentacyclo[5 4 0 O2·6 0 3 · 1 0 05>9]undecane 7 1 7 These compounds show either antiviral or 
antiparkinsonian activity 
In general, the application or the incorporation of rigid polycychc frameworks into 
drugs has the advantage that metabolic degradation is retarded by the inherent stability and the 
stenc bulk of the cage skeleton, thus prolonging the activity and reducing the frequency of drug 
administration to the patient18 
The relevance of the unique stenc distribution of important functional groups around a 
rigid skeleton with respect to the pharmacological activity has been investigated further For 
instance, the calcium antagonist activity of hexacyclic compound 8 1 9 is believed to be the result 
of a favorable orientation of the oxygen and the nitrogen functions The size of the hydrophobic 
amino substituent (the octyl chain) is important as a possible anchor to cell membranes 
Fig 5 2 
-OH А^У' ' A^J*"2 \ 1 ^SJXOOH ¿ьг ¿ы: 
. N - C e H 1 7 NH2 * ' COOH 
CN 
8 9 10 11 12 
A next step is the exploration of conformationally fixed, unnatural ct-amino acids a-
Amino acids with rigid carbon skeletons received scarce attention sofar, although it is of interest 
to incorporate those into proteins in order to study their influence on the protein conformation 
and thus on the biological, physical and chemical properties The first results were obtained 
with isomeric 2-ammobicyclo[2 2 l]heptane-2-carboxylic acids 9 and 10 2 0 , and with 
cycloleucine l l 2 1 Very recently the pentacyclic α-amino acid 121 8 was prepared, though not 
tested yet 
The 5-amino substituted endo-tncyclodecadienones 13, which are described in the 
preceding chapter, can serve as photoprecursors for ammo-derivatives of 1,3-
bishomocubanone 14 as depicted in Scheme 5 1 In this manner, it may be possible to obtain 
rigid bridgehead amines Starting from optically active enaminones the synthesis of enantiopure 
polycychc rigid frameworks is feasible The aim of the research described in this chapter is to 
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explore the photochemical [7t2+7t2]-cyclization of (enantiopure) tricyclic enaminones to 








5.2 Irradiation of tricyclic enaminones 
It is known that irradiation of α,β-unsaturated ketones in the presence of alkenes 
generally leads to cyclobutanes22. This reaction has been referred to as enone photoannelation, 
enone [jr,2+7ï2]-cycloaddition, the De Mayo-Eaton reaction, or the De Mayo reaction. The last-
mentioned name, however, is usually reserved for the cycloaddition of enolized diketones to 
alkenes. The name "enone[ 2+2]-cycloaddition" is actually a misnomer because, with a few 
exceptions, the reaction is not concerted as the name implies, but rather proceeds through a 
triplet intermediate. For many years22, the Corey/De Mayo model23 was generally accepted to 







Absorption of light by the enone results in the formation of a singlet excited state. In 
flexible systems, i.e. acyclic enones, this will decay rapidly to the ground-state by cis-trans 
isomerization of the double bond, and no other reaction is observed. In less flexible enones, e.g 
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cyclic enones, intersystem crossing (ISC) competes efficiently to produce the triplet excited 
state with a quantum yield of unity24. This η-π* triplet state25 is sufficiently long-living to 
allow (bimolecular) interception by the added alkene to yield an exciplex (i.e. an excited 
electron Donor-Acceptor complex). Conservation of spin then implies that the initial 
intermediate is a triplet biradical, which subsequently must undergo a spin inversion. Such a 
spin inversion could be possible by collisions before the cycloaddition can be completed. More 
recent results26 have suggested that the inclusion of an exciplex intermediate in this mechanism 
is not necessary. A relatively stable triplet 1,4-biradical is more likely than the exciplex as 
already postulated earlier by Bauslaugh27. 
The remarkably facile [7t2+Ji2]-photocyclization of the en¿o-3-oxo-dicyclopentadiene 
system generally observed, is attributed to the close spatial proximity and virtually parallel 
alignment of the carbon-carbon double bonds5b-c-f·28. The only exception in this 
photocyclization, as far as we are aware of, is the failure of 5-hydroxy-e«do-tricyclo-
decadienone to undergo this ring closure reaction28e. This failure may be attributable to the 
completely delocalized π-system as a result of its rapid tautomeric equilibrium. In contrast, its 
enol acetate derivative readily affords the corresponding 1,3-bishomocubanone upon 
irradiation. 
Scheme 5.3 












The first irradiation experiments, applying a high pressure mercury vapor immersion 
lamp with a pyrex filter, were performed with 5-cyclohexylamino- 13a and 5-benzylamino-
ewdo-tricyclo[5.2.1.02>6]deca-4,8-dien-3-one 13b (Scheme 5.3), in either methanol or 
acetonitrile as the solvent. Monitoring the reaction with GLC-analysis revealed that a very slow 
and non-selective reaction was taking place. Whereas [7i2+7i2]-photocyclization of endo-
tricyclodecadienone is generally completed within a few hours, these tricyclic enaminones react 
very sluggishly and still some starting material remains after irradiation for more than one 
week. In all cases complex mixtures were obtained from which a major component could be 
isolated in pure form in about 25-30% yield. The spectral data of this main product indicated 
that no cage compound had been produced. Instead, the norbornene double bond had been 
reduced. For 5-benzylaminotricyclodecadienone 13b this photoproduct 15b appeared to be a 
nicely crystalline material allowing an X-ray diffraction analysis in order to unambiguously 
prove this unexpected and novel photoreduction of the C8-C9 double bond in endo-
tricyclodecadienones 15 (Fig. 5.3)29. The X-ray diffraction study indeed showed that the 
enaminone moiety has remained untouched, whereas the norbornene double bond has become a 
regular single C-C bond. 
Fig. 5.3: PLUTON drawing of the crystal structure of the photoreduccd 
tricyclic enaminone 15b. 
The observation that the expected [7t2+Ji2]-photocyclization does not occur under these 
conditions may be explained by assuming extensive delocalization of the π-electrons in the 
enaminone moiety (Scheme 5.4, line A). A similar explanation is used to rationalize the failure 
of 5-hydroxytricyclodecadienone (vide supra) to give any cage structure28e. As such 
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delocalization may be less favorable for tertiary enaminones (Scheme 5.4, line B) because of 
the more dipolar structure, the same irradiation experiment was repeated with morpholino-
substituted tricyclic enaminone 13c. However, also in this case no intramolecular [π2+π2]-
photocyclization took place to give the corresponding cage compound. Again photoreduction 
led to 15c as the major product (29%). 
13a,b 
а=СбНц 










When the irradiation of 13b was performed in the presence of some hydrogen chloride, 
added either as a gas or as a dilute aqueous solution, in order to remove the free electron pair of 
nitrogen by protonation, no change in the product composition was observed. Conducting the 
irradiation experiments under oxygen-free conditions, applying a degassed solution of 13b in 
methanol under an argon atmosphere, in order to avoid any external radical source, resulted in 
the same complex mixture of products as obtained above. 
A striking observation was made during an attempt to establish the origin of the new C$-
C9 hydrogens in the photoproducts 15. As the most obvious source would be the solvent, an 
irradiation experiment of 13c was performed in fully deuterated methanol (CD3OD). 
Monitoring the reaction with GLC a significant decrease of the reaction rate was observed in 
comparison with the blank experiment in CH3OH. However, most surprisingly, the 
photoreduced product 15c did not contain any deuterium at all as was shown by both NMR-
and mass spectral analysis (MS/ΕΙ and HRMS). This led to the conclusion that the hydrogens 
introduced during the reduction must come from the only other hydrogen source available, 
namely the tricyclic enaminone itself. This was confirmed by conducting the same experiments 
at different concentrations: a four times higher concentration of 13 led to a 4-5 times faster 
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reaction with the same product composition, most likely as the result of a more efficient 
intermolecular hydrogen transfer. 
From a synthetic point of view this is not a reaction of great interest, as this same 
transformation (13a-c to 15a-c) could be readily accomplished by selective hydrogénation as 
well. Compounds 13a-c, dissolved in methanol, were reduced selectively and quantitatively to 
15a-c using a catalytic amount of 10% Pd/C under a hydrogen atmosphere. The reaction was 
complete within one minute. Prolonged reaction times left the enaminone moiety intact. Also the 
benzyl group of 15b remained untouched. 
5.3 Photocyclization of tricyclic enaminones with an 
electron-withdrawing group at nitrogen 
The failure of tricyclic enaminones 13 to undergo a photochemical intramolecular 
[n^Ji^-photocyclization is quite remarkable. Not only because this intramolecular cyclization 
is generally a fast and efficient reaction for a large variety of enJo-tricyclodecadienones, but 
also because there are several examples of successful [Tt^Jt^-photocyclizations of enaminones 
reported in literature. One example is the intermolecular cycloaddition of ethyl vinyl ether with 
cyclohexenone amine 16 to give 17. Cycloadduct 17 could not be isolated as such since it 
spontaneously opens via a retro-aldol type reaction to give the corresponding imine which is 
hydrolyzed to the diketone 18 (Scheme 5.5)30. 
Scheme 5.5 
* ^ O E t 
hv h N H2 NH2 OEt ^ Ч О В 
О 
16 17 18 
Interestingly, in some cases a strong effect of nitrogen substitution on the photochemical 
behavior of amino-substituted enones is observed. In particular electron-withdrawing 
substituents considerably affect both product formation and efficiency of the cycloaddition. 






a:R = H 
b: R = Me 
c: R = CH2CH=CH2 
d: R = Ac 
Irradiation of 19b and 19c gave a single photoadduct in yields of 55% (20b) and 63% (20c), 
respectively. Interestingly, upon irradiation of 19a only polymeric material was formed. When 
amide 19d was irradiated a 1.1:1 mixture of two epimers (20d and 21) was obtained, showing 
a complete loss of stereoselectivity as compared to 19b and 19c. In addition, the reaction 
turned out to be significantly faster for the N-acetyl derivative 19d than for the N-methyl 19b 
or N-allyl derivative 19c. As already suggested in Section 5.2 these observations also indicate 
that the lone-pair electrons of the nitrogen atom play an important role in determining the 
stereochemical course of these photochemical [n^^J-cyclizations. 
An even more convincing example3 l c of the impact of an electron-withdrawing group at 
nitrogen on the photochemical cyclization is depicted in Scheme 5.7. There, the α-amino 
substituted enones 22 are irradiated under identical conditions. Whereas irradiation of the N-
Scheme 5.7 
Ac 
O R О | О Ac 
H H 
22 23 24 
a: R = Ac 
b: R = Me 
acyl compound 22a gives the expected photoadduct 23, together with byproduct 24, in 52% 
isolated yield, no photocyclization is observed for the N-alkyl derivative 22b. An explanation 
for this remarkable difference of photochemical performance is not given by Ikeda and 
coworkers3 l c . 
From these examples it may be concluded that the introduction of an acyl function at the 




considerably. It was therefore decided to introduce an electron-withdrawing group at the 
nitrogen atom of the tricyclic enaminones in order to investigate whether such a group had any 
effect о the intramolecular [7T,2+;t2]-photocyclization. To this end a series of electron-
withdrawing groups was introduced to 5-benzylamino-en<fo-tricyclodecadienone 13b, which 







CH2CI2, Et3N, DMAP 
EWG f \ 
О 
25-32 
Table 5.1: Introduction of electron withdrawing groups to 13b. 
Entry EWG product EWG (eq.)a time c.y. (%) 






26 MF(5)C 2 h 96 
27 PA(5)d 2.5 h 85 
О 






























 All reactions were carried out at room temperature except for Entry 6. 0°C. b 
ЫаНСОз in stead of Et3N and DMAP was used. c MF = methyl formate. d PA = 
phenylacetyl. e Ζ = benzyloxycarbonyl (Zervas-group).f Acr = acryloyl. S Msc = 
methylsulfony lethy loxycarbonyl. 
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All syntheses (Table 5.1, Entries 1-8) were performed under standard conditions 
applying the corresponding acid chloride in the presence of triethylamine and a catalytic amount 
of DMAP at room temperature. The respective amides and urethanes 25-29 were obtained in 
good to excellent yields. The preparation of compound 30 using methylsulfonylethyl-
oxycarbonyl chloride, which is known from peptide chemistry as an amino-protecting group32, 
was achieved in a moderate yield (Table 5.1, Entry 6), probably due to decomposition during 
purification by column chromatography. Sulfonamides (Table 5.1, Entry 7 and 8) could only 
be isolated in low yields from a complex mixture of unidentified products; when these reactions 
were carried out in pyridine no improvements were attained. 
NMR- and IR-analyses unambiguously proved that the electron-withdrawing groups 
were exclusively introduced on the nitrogen atom; C4- or O-acylation was not observed. 
All N-substituted 5-benzylamino-e«do-tricyclodecadienones 25-32 were subjected to 
irradiation in methanol, using a high pressure mercury vapor immersion lamp with a pyrex filter 

































































 A mixture of products was obtained. ^ Decomposed. 
-83-
Chapter 5 
GLC Irradiation of the urethane- and amide-derivatives led in virtually all cases exclusively to 
the corresponding cycloadduct The acryloyl-denvative 29 was the only exception (Table 5 2, 
Entry 5) Here, a mixture of about four compounds was obtained in a total yield of -70%, 
which could not be separated completely This was not unexpected as there is the complication 
of an extra carbon-carbon double bond which is also quite reactive Characterization of these 
products appeared impossible as all samples contained inseparable mixtures of compounds 
Unfortunately, the reactions with the sulfonamides (Table 5 2, Entry 7 and 8) led only to 
decomposition 
A comparison of the yields of the photocychzation of the amides 25 and 27 with those 
of the urethanes 26 and 28 clearly reveals that the stronger the electron-withdrawing effect the 
more effective the electron-withdrawing substituent at nitrogen is in the cage-forming reaction 
(the CC>2R-group is less electron withdrawing than the COR-group due to the electron-releasing 
effect of the ester alkoxy moiety) Apparently, a better lokahzation of the nitrogen lone-pair 
electrons is beneficial to the photocychzation reaction 
In order to explain the spectacular difference in photochemical behavior between 5-
benzylamino-eni/o-tncyclodecadienone 13b and its derivatives 25-30 bearing an electron 
withdrawing group, UV/VIS-spectra were recorded A typical UV/VIS-spectrum of tricyclic 
enammones 13 shows two strong absorption bands with almost complete baseline separation 
The first peak has its absorption maximum (ει) at a wavelength of about 200 nm (λ,,,ϋχ ι), the 
second (t2) at about 280 nm (X
max
 2) Interpretation of the spectral data at wavelength lower 
than 210 nm is not reliable due to the interference of the solvent used, 1 с methanol 
Unexpectedly, comparison of the UV/VIS-spectra did not offer any clue for the difference in 
behavior of the substrates in the photocychzation reaction, because no significant difference in 
^max,2 was observed (Table 5 3) 

































ε = ECXp / с d ε = extinction coefficient, Ee Xn = absorption measured с = concentration in molc/L 
d = length of cuvette in cm 
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The introduction of an electron-withdrawing group does not lead to a distinct 
hypsochromic or bathochromic shift. The extinction coefficients, although quite large, do not 
show a clear trend either. The only notable difference in the UV/VIS-spectrum of 13b and the 
spectra of derivatives 25 and 28 is the broadness of the absorption band at X
max
_2. As a 
consequence, compounds 25 and 28 will absorb a considerable amount of irradiation at 
wavelengths λ > 300 nm, whereas for 13b energy absorption will be rather inefficient. Since 
the irradiations are performed using a pyrex filter, which eliminates light with λ < 280 nm, and 
taking into consideration the spectral energy distribution of the high pressure mercury vapor 
immersion lamp (Table 5.4) it is understandable that 25 and 28 undergo a more effective 
photochemical transformation than 13b. However, these effects can not explain the complete 
Table 5.4: Spectral energy distribution of high pressure 





238 248 254 265 270 275 280 289 297 302 
1.0 0.7 4.0 1.4 0.6 0.3 0.7 0.5 1.0 1.8 
313 334 366 390 405 436 492 546 577 
4.3 0.5 6.4 0.1 3.2 4.2 0.1 5.1 4.7 
a
 radiation flux in Watt 
absence of the intramolecular [7t2+7t2]-photocyclization of 13b as for all tricyclic enaminones 
studied the first step must be the photochemical excitation of the ß-amino enone moiety. In 
order to shed more light on the electronic features of this enaminone system, semi-empirical 
AMI calculations34 were performed on 5-benzylaminotricyclodecadienone 13b and some of its 
derivatives (25-28, 30). Special attention was paid to the bond order (BO) and interatomic 






Table 5.5 Selection of interatomic distances and bond order 
compound 13b compounds 25-28, 30a 
Entry atoms 
1 c 8 - C 9 
2 O-C3 
3 C 3 - C 4 



























 The BO and r-values of 25-28 and 30 are averages with a deviation of ±0 01 
From the data collected in Table 5 5, it can be concluded that there is a distinct influence 
of electron-withdrawing groups at nitrogen in the benzyl-substituted tricyclic enaminones, 25-
28 and 30, on the bond order of the enaminone moiety The interatomic distances, however, 
are hardly affected As expected, the norbomene double bond (Table 5 5, Entry 1) remains 
unaffected by the N-substituents, whereas the enamine part (Table 5 5, Entries 4 and 5) is 
considerably more delocahzed in 13b than in 25-28 and 30 (Scheme 5 10) The influence on 
the ketone function, described by О - C3 and C3 - C4 (Table 5 5, Entries 2 and 3) is negligible 
This suggests that compound 13b has more keto-imine character than its N-substituted 
derivatives 25-28 and 30 However, this increase m imine character can hardly be responsible 
for the complete lack of photocychzation of 13b 
More adequate answers may eventually be obtained by considering the first excited 
states, either singlet or triplet, as these are decisive for the [jï2+7t2]-photocyclization However, 
the orbital parameters used by the computer program34 are optimized for the ground state and 
therefore do not give correct calculated energy levels for excited states Moreover, simple 
MOPAC-calculations34 do not indicate whether a triplet or a singlet excited state has been 
calculated Therefore, in order to obtain reliable information more extensive AMI-calculations 
are necessary 
At this stage, the remarkable effect of an electron-withdrawing group at nitrogen on the 
photocychzation of enaminones can only partially be understood A satisfactory mechanistic 
explanation for the photoreduction of 13 is hard to give as reduced 15 is the only product that 
could be isolated in moderate yields from the complex mixture of reaction products 
The best known example of photoreduction is the conversion of benzophenone into 
diphenylmethanol35 Only a few examples of photoreduction of isolated double bonds are 
known36 For instance, Kropp et al 36a"d published the direct and sensitized photolysis of 
alkenes in protic solvents This photoprotonation may occur in two ways either radical or 
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carbocation intermediates can account for the observed reduction and solvent addition products 
of, for example, norbomene derivative 38 (Scheme 5 11) 
Scheme 511 
L-*-~J CH3OH LJ-J ^ . ^ Z-*^y i ^ J cg^ 
38 13% 5% 47% 
For cyclic olefins with larger rings, such as 1-methylcyclo-hexene, -heptene, and -octene, the 
formation of a strained frans-cycloalkene intermediate is implicated, protonation of which leads 
to similar photoproducts as a result of relief of ring strain From studies on deuterium 
incorporation upon irradiation in CH3OD, it appears that all these products arise from an ionic 
mechanism involving exo-protonation of the norbornene ring of 38 at C3 In all cases, 
however, the source of the hydrogens is the solvent used, which is in sharp contrast with the 
observations for the photoreduction described here 
A likely explanation for the formation of 15 from 13 must involve an initial excitation 
of the enone/enaminone function The isolated norbomene double bond will not absorb the light 
used for this photoreaction Probably via an intramolecular sensitization, the norbomene double 
bond is then excited Subsequently, an intermolecular abstraction of hydrogen from a second 
molecule 13 will take place For this abstraction reaction H2 and Нб are the most likely 
candidates These hydrogens are, in principle, enohzable37 and therefore transferable A 
conceivable but speculative mechanism is depicted in Scheme 5 12 However, a radical-type 
mechanism also may be possible 
It is hypothesized that enaminones 13 will enolize in its excited state A, after which an 
îniermolecular proton transfer is taking place to an excited norbomene double bond to give 
cation В The thus formed enolate anion С will release a hydride which is transferred to the 
cationic species B, then producing the isolated reduction product 15 The concomitantly 
formed norbornene annelated cyclopentadienone D is bound to decompose because of its 
expected inherent instability38 In this mechanism the maximum yield of photoreduction 
products 15 is limited to 50% Assuming that this mechanism is correct the yield of product 15 










The proposed mechanism may serve as the working hypothesis to identify the hydrogen 
atoms that are involved in this intermolecular reduction reaction. In 
this respect the dideuterated substrate E with labels at С2 and C(, is 
worth considering for the elucidation of the reduction mechanism. If 
the mechanism is valid then these D-atoms will be incorporated into the 
reduction products 15. 
N R 1 R 2 
5.4 Deacylation of the ammo-substituted 1,3-bishomocubanones 
An effective [jt2+7C2]-photocyclization of 5-amino-substituted emfo-tricyclodeca-
dienones to bridgehead amino-substituted 1,3-bishomocubanones has been achieved applying 
electron withdrawing groups at nitrogen. Removal of these auxiliaries should lead to 
bridgehead secondary amines. To possibly obtain the desired bridgehead amino-1,3-
bishomocubanones this deprotection step should be carried out very carefully in order to avoid 
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cage-opening reactions5f0. From previous work on the synthesis and homoketonization of 
bridgehead alcohols28 it is known that the corresponding bridgehead 5-hydroxy-l,3-
bishomocubanone is quite unstable and rapidly gives rise to a regioselective cage opening to 
half-cage dione 40 (Scheme 5.14). This rapid cage opening, which essentially is a retro-aldol 
condensation, is explained by the release of ring strain combined with enolate stabilization of 
the intermediate negative charge. Such a process is also quite feasible for the corresponding 
bridgehead amine 41 . In order to accomplish such a mild deprotection the N-
methylsulfonethyloxycarbonyl protected tricyclic amine 30 was prepared, which upon 
irradiation furnishes the corresponding cage compound 37. In peptide chemistry this so-called 
Msc-group is well-known for its facile and rapid removal under very mild conditions32. 
Typically, the Msc-group is removed using a cocktail of dioxane/methanol/4N 
sodiumhydroxide (30/9/1). Under these basic conditions (0.1 M base) the Msc-group is 
removed within 2 minutes via a ß-elimination of methyl vinyl sulfone and immediate expulsion 
of carbondioxide from the intermediate carbamate to give the corresponding amine. Applying 
these mild conditions to 37 indeed rapidly removed the Msc-group, however, the bridgehead 














actual product. The rationale for its formation is given in Scheme 5.13. This ring fission 
proceeds analogously to the homoketonization of the corresponding bridgehead alcohol. 
Electron release from the bridgehead amine function into the cage leads to imine enolate 39 
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which upon hydrolysis immediately affords the tetracyclic diketone 40. It is evident that 
bridgehead amino-1,3-bishomocubanone 41 is kinetically too unstable to be isolated under 
these conditions. 
This regioselective and high-yielding cage opening of bridgehead amine 41 to diketone 
40 offers interesting perspective for the enantioselective synthesis of this dione 40. Until now, 
diketone 40 was prepared starting from tricyclic enol 42 following the reaction sequence as 
depicted in Scheme 5.145f0·28e. As discussed before (cf. Chapter 3) this route does not allow 
Scheme 5.14 






an enantioselective approach as enol 42 could not be converted to the corresponding enol esters 
or ethers in an enantioselective way. In contrast, tricyclic enaminones can indeed be obtained 
with high enantiomeric purity. The strategy underlying this enantioselective approach to dione 
40 is pointed out in Scheme 5.15. Starting from compound 42 and optically pure (R)-(+)-a-
phenylethylamine a 1:1 diastereomeric mixture of both isomers 45 was obtained (see Chapter 
4). After separation by column chromatography and, successively, introduction of the Msc-
function, intramolecular [7i2+7t2]-photocyclization and ultimately deprotection both enantiomers 
of tetracyclic diketone 40 were obtained separately (Scheme 5.15). 
NMR-analysis of the diastereomeric pair of tricyclic enaminones 45 had revealed that 
the separation of both diastereomers had been complete, resulting in the eventual formation of 
optically pure enantiomers 40a and 40b, which was confirmed by their practically equal optical 
rotation, but with opposite sign. The formation of optically pure amino-containing cage 
compounds and diketones 40 is of interest for both the synthesis of pharmacologically active 





















[a]D2o = +9.5° 
(c=1.18, CHCI3) 
40b 
[ct]D2o = -9.3° 
(c=1.04,CHCI3) 
5.5 Concluding remarks 
Most strikingly, direct irradiation of tricyclic enaminones 13a-c does not yield the 
desired amino-substituted 1,3-bishomocubanones 14. Instead, the photoreduced products 
15a-c are isolated, albeit in moderate yields. The UV/VIS spectra indicate that these molecules 
13a-c can be excited using irradiation but for some unknown reason do not undergo an 
intramolecular [7C2+7i2]-photocyclization. Instead photoreduction of the C8-C9 double bond is 
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observed It has been demonstrated that the hydrogens added to the norbomene double bond 
must originate from a second tricyclic compound as irradiation experiments performed in a 
completely deuterated solvent did not lead to any deuterium incorporation A conceivable but 
speculative mechanism for this unexpected and rather unusual behavior of tricyclic enarmnones 
13 involves the transfer of H2 and He in an lntermolecular fashion via initial photoenohzation 
The introduction of an electron-withdrawing group to the nitrogen atom of a secondary 
tricyclic enaminone was performed in moderate to excellent yields Irradiation of these amides 
and urethanes furnished the corresponding ami no-substituted bishomocubanones in good to 
quantitative yields 
These results suggest that in absence of an electron-withdrawing function the tricyclic 
enaminones are excited but can not cychze due to a considerable electron derealization in the 
enaminone moiety Derealization is less pronounced when an electron-withdrawing group is 
present at the nitrogen atom and therefore the photocyclization to cage compounds can be 
effected 
Mild removal of the Msc-protecting group from the corresponding 1,3-bishomo-
cubanonyl amide 38 did not lead to isolation of the bridgehead amine 41 Instead, tetracyclic 
diketone 40 was obtained in a regioselective cage-opening process, which is essentially 
analogous to the homoketonization of the corresponding bridgehead alcohol This finding was 
successfully employed for an efficient synthesis of both enantiomers of diketone 40 
5.6 Experimental 
General remarks 
Melting points were measured with a Reichert Thermopan microscope and are uncorrected IR spectra 
were taken on a Pcrkin Elmer 298 infrared spectrophotometer FT-IR spectra were determined on a Biorad VvTN-
IR FTS 25 spectrophotometer Ή - and 13C-NMR spectra were recorded on a Bruker AM-400, a Bruker AC 300 
and a Bruker AC-100 at T=298K unless stated otherwise Chemical shifts are reported relative to МедБі For 
mass spectra a double focussing VG 7070E mass spectrometer was used GC MS spectra were run on a Varían 
Satum 2 benchtop GC MS ion-trap system Separation was earned out on a fused-silica capillary column (DB-5, 
30m χ 0 25mm) Helium was used as a carrier gas, and electron impact (EI) was used as ionization mode 
Elemental analyses were performed on a Carlo Erba Instruments CHNS-O 1108 Elemental Analyzer Optical 
rotations were measured with a Perkin Elmer 241 Polarimeter GLC was conducted with a Hewlett Packard 
HP5890II gas Chromatograph, using a capillary column (HP1, 25m χ 0 31mm χ 0 Πμιτι), a temperature 
program from 100 250°C at 15°C/min followed by 10 min at 250°C (isothermal), and nitrogen at 2 mL/min (0 5 
atm) as the carrier gas UV spectra were recorded with a Perkin Elmer lambda 5 UV/VIS spectrophotometer 
Irradiations were carried out using a Hanau TQ150 high pressure mercury vapor immersion lamp (150 W), 
equipped with a pyrex filter 
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Flash chromatography was earned out at a pressure of co. 15 bar, using Merck Kieselgel 60H Column 
chromatography at atmospheric pressure was performed using Merck Kieselgel 60 Thin layer chromatography 
(TLC) was earned out on Merck precoaled sihcagel 60 F254 plates (0 25 mm) using the eluenls indicated Spots 
were visualized with UV, iodine or a molybdate spray Solvents were dried using the following methods 
dichloromethane and hexane were distilled from CaH2, diethyl ether was distilled from NaH, ethyl acetate was 
distilled from potassium carbonate, toluene was distilled from sodium, THF was distilled from lithium 
aluminum hydride just before use All other solvents were of analytical grade 
A General procedure for the irradiation of tricyclic enammones 13a-c 
The tricyclic enammones 13a-c (1 00 g) were dissolved in 200 mL methanol and irradiated with a high pressure 
mercury vapor immersion lamp The reaction was monitored by TLC (eluent ethyl acetate methanol =10 1) and 
GLC After completion the reaction mixture was evaporated in vacuo From the residue the main, photoreduced 
product was obtained by flash chromatography 
В General procedure for the hydrogénation of tricyclic enammones 13a-c 
The tricyclic enammones 13a-c (0 10 g) were dissolved in 20 mL methanol After addition of a catalytic amount 
of 10% Pd/C the reaction mixture was flushed with hydrogen (3x) and shaken under a hydrogen atmosphere for 1 
minute The reaction was stopped by flushing with nitrogen and removing the catalyst by filtration The 
photoreduced products ISa-c were obtained in quantitative yield by concentrating the residue in vacuo without 
further purification 
С General procedure for the amidation of 5 benzylamino-endo-tricych[5 2 1 (ß-6]deca-4,8-dien-3-one (13b) 
5-Benzylamino-en¿<?-tncyclo[5 2 1 02,*]deca-4,8-dien-3-one 13b (1 equiv ) was dissolved m dichloromethane (12 
mL/mmol) together with triethylamine (1 1 equiv ) and a catalytic amount of DMAP The corresponding 
chloride (the relative amount varied between 1 5 and 5 equiv , Table 5 1) was added to the reaction mixture at 
room temperature The reaction was monitored by TLC (eluent ethyl acetate methanol = 6 1) and after 
completion quenched with a saturated, aqueous solution of ЫаНСОз The reaction mixture was then extracted 
with dichloromethane (3x) The combined organic fractions were extracted with water (lx) and brine (lx), dried 
over Na2SC>4 and concentrated in vacuo 
D General procedure for the irradiation ofN-carboxylated tricyclic enammones 
The N-carboxylated derivatives 25-28, 30,46a and 46b were dissolved in 200 mL methanol and irradiated with 
a high pressure mercury vapor immersion lamp The reaction was monitored by TLC (eluent ethyl acetate) and 
GLC After completion the reaction mixture was evaporated in vacuo and the residue, if necessary, punned by 
flash chromatography 
5-Cyclohexylamino-endo-tncyclo[5 21 <P>6]dec-4-en-3-one (15a) 
Following procedure A, irradiation of 13a (1 00 g, 4 1 mmol) was continued for 14 days Purification of the 
residue by flash chromatography (ethyl acetate methanol = 10 1) yielded photoreduced product 15a (0 25 g, 25%) 
as a colorless oil 
Following procedure B, hydrogénation of 13a (100 mg, 0 41 mmol) furnished reduced product 15a in 
quantitative yield (99 mg, 98%) 
Ή-NMR (400 MHz, CDCI3, ppm) δ 4 97 (s, IH, H 4), 4 73 (br s, IH, NU), 3 19 (m, IH, Cui), 2 95 (m, IH, 
H 6), 2 71 (m, IH, H 2), 2 59 (br s, IH, H7), 2 39 (br s, IH, H|), 2 01 (br.t, 2H, СШр). 1 75 (m, 4H, CH.2m). 
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1 65 (m, 2H, Ню), 1 4 (4Н, m, Не and Н 9), 1 2 (4Н, СШо). 13C-NMR (ІОО MHz, CDCI3, ppm) δ 205 4 
(s, Сз), 175 0 (s, С 5), 101 0 (d, С 4 ). 53 2 (d, С,), 53 6 and 49 0 (d, С 2 and С 6), 41 9 (t. Сю), 38 2 and 37 9 
(d, Ci and С 7), 32 5 (t, 2х С 0), 25 4 (t, Ср), 24 8 (t, Cg or С9), 24 6 and 24 5 (t, 2x C m ) , 23 8 (t, Cg or C 9), 
IR (CH2CI2, cm"1) ν 3412 (NH), 2938 (C-Η, sat), 2858 (C-Η, sat), 1654 (enaminone), 1571 (enaminone, 
broad), 1521 (enaminone), GC/MS (EI, m/z) 246 (M+ + H), 178 (M+ - CsHg + H), 96 (C6Hi0N+), HRMS/EI 
m/z calculated for С16H23NO 245 1780 amu Found 245 17785 ± 0 00097 amu 
5-Benzylamino-endo-tncyclo[5 2 1 Cß'6]dec-4-en-3-one (15b) 
Following procedure A, irradiation of 13b (1 00 g, 4 0 mmol) was continued for 9 days Purification of the 
residue by flash chromatography (ethyl acetate methanol =10 1) yielded photoreduced product 15b (0 26 g, 25%) 
as colorless crystals 
Following procedure B, hydrogénation of 13b (100 mg, 0 40 mmol) furnished reduced product 15b in 
quantitative yield (98 mg, 97%) 
Mp 140°C, 'H-NMR (400 MHz, CDCI3, ppm) δ 7 3 (m, 5H, Ph), 5 81 (br s, IH, NH). 5 00 (s, IH, H 4), 
4 28 (d, 3 J=5 4 Hz, 2H, NH-CH2). 3 02 (m. IH, H 2 or Нб), 2 69 (m, IH, H 2 or H 6), 2 55 (br s, 1 H, Hi or 
H7), 2 44 (br s, IH, Hi огН 7 ) , 1 58-1 18 (m, 6H. Hg, H 9 and Ню), 13C-NMR (100 MHz, CDCI3, ppm) δ 
205 7 (s, C3), 176 6 (s, C 5), 136 8 (s, ArC.,), 128 8 (d, ArC_), 127 9 (d, ArC_). 127 7 (d, Ar£), 101 3 (d, C 4), 
53 4 and 49 0 (d, C 2 and C 6), 49 1 (t, NH-CH2), 41 9 (t, Сю), 38 2 and 38 0 (d. Ci and C7), 24 8 and 24 0 (t, 
Cg and Cg), IR (CH2C12, cm' 1) ν 3420 (NH), 2960 (C-Η, sat ), 2880 (C-Η, sat ), 1658 (enaminone), 1575 
(enaminone, broad), 1528 (enaminone), GC/MS (El, m/z) 254 (M+ + H), 186 (M+ - C5Hg + H), 91 (C7H7), 
HRMS/EI m/z calculated for С n H i 9 N O 253 1467 amu Found 253 1468+0 0012 amu Analysis calculated 
for Ci7Hi 9NO 80 60 %C, 7 56 %H, 5 53 %N Found 79 90 %C, 7 65 %H, 5 51 %N 
5-Morpholino-endo-tncyclo[5 2 I (Й 6]dec-4-en-3-one (15c) 
Following procedure A, irradiation of 13c (1 00 g, 4 1 mmol) was continued for 12 days Purification of the 
residue by flash chromatography (ethyl acetate methanol =10 1) yielded photoreduced product 15c (0 28 g, 28%) 
as a colorless oil 
Following procedure B, hydrogénation of 13c (100 mg, 0 41 mmol) furnished reduced product 15c in 
quantitative yield (99 mg, 98%). 
! H - N M R (400 MHz, CDCI3, ppm) δ 5 02 (s, IH, H 4), 3 75 (br s, 4H, CtfcO), 3 1-3 3 (m, 4H, CH2N), 3 12 
(dd, 3J=7 7 Hz, 3J=4 9 Hz, IH, H 6), 2 79 (dd, 3J=7 8 Hz, 3J=5 3 Hz, IH, H 2), 2 62 (br s, IH, H7), 2 45 (br s, 
IH, Hi), 1 66 A of AB (d, 2J=9 8 Hz, IH, H | 0 , or Hios). 1 60 В of AB (d, 2J=9 8 Hz, IH, H | 0 a or H i 0 s ) , 
1 45-1 18 (m, 4H, Hg and H 9), 13C-NMR (100 MHz, CDCI3, ppm) δ 204 7 (s, C3), 176 6 (s, C5), 102 2 (d. 
C 4 ) . 66 6 and 66 1 (br t. Ç_H2N), 53 8 and 47 9 (d, C 2 and Сб), 47 7 (br t, C H 2 0 ) , 41 9 (t, Сю), 39 6 and 
38 4 (d, Ci and C7), 24 9 and 24 3 (t, Cg and C 9), IR (CH2C12, cm ') ν 2950 (C-Η, sat ), 2860 (C-Η, sat ), 
1645 (enaminone), 1560 (enaminone, broad), MS (El, m/z) 234 (M+ + H), 166 (M+ - CsHg + H), HRMS/EI 
m/z calculated for С ] 4 Η ι 9 Ν θ 2 233 1416 amu Found 233 1416±0 0012 amu 
5-Benzylamino-(N-acetyl)-endo-tncyclo[5 2 1 Cß-6]deca-4,8-dien-i-one (25) 
Following procedure С, treatment of 13b (100 mg, 0 4 mmol) with acetylchloride (47 mg, 0 6 mmol) for 24 
hours in the presence of №НСОз (100 mg, 1 2 mmol) resulted in the isolation of pure 25 (116 g, 99%) as a 
yellowish oil 
'H-NMR (400 MHz. CDCI3, ppm) δ 7 3 (m, 3H, АгИ), 7 12 (d, 2H, ArHJ. 6 04 A of AB (dd, 3J=5 4 Hz, 
3J=2 8 Hz, IH, Hg or H 9), 5 78 В of AB (dd, 3J=5 4 Hz, 3J=2 8 Hz, IH, Hg or H 9), 5 40 (s, IH, H 4), 4 91 A 
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of AB (d, 2J= 17 4 Hz, 1 H, N-СНг). 4 82 В of AB (d, 2 J= 17 4 Hz, 1 H, N-CH2), 4 18 (m, I H, H 6), 3 19 (br s, 
IH, H] or H 7), 3 06 (br s, IH, H| or H 7), 2 93 (t, 3J=5 3 Hz, IH, H 2), 2 30 (s, 3H, CHj), 1 74 A of AB (d, 
2J=8 5 Hz, IH, Hioa or H i 0 s ) , 1 62 В of AB (d, 2 J=8 5 Hz, IH, Hirja or HiOs). 1 3C-NMR (100 MHz, 
CDCI3, ppm) δ 206 9 (s, C3), 173 3 (s, C5), 171 2 (s, C(0)CH 3 ), 135 4 (s, Ar&), 134 3 and 131 8 (d, Cg 
and C9), 129 1 (d, ArC), 127 8 (d, ArC), 125 6 (d, ArC). 119 1 (d, C4), 52 4 and 52 2 (t, C ) 0 and N-CH2), 
509, 48 7, 44 9 and 44 6 (d, Ci, C 2 , C 6 and C 7), 24 5 (q, CH3), IR (CH2CI2, cm"1) ν 2930 (C-Η, sat ), 
1670 (enaminone and amide, broad), 1555 (enaminone), 1375 (C-N), MS (El, m/z) 293 (M+), 265 (M+ - CO), 
251 (M+ - H2CCO), 228 (M + - C5H5), 185 (M+ - C 5 H 6 - H2CCO), 91 ( C 7 H 7 + ) , HRMS/EI m/z calculated 
forCi 9 Hi 9 NO 293 1416 amu Found 293 1415±0 0012 amu 
5 Benzylammo-(N-methyloxycarbonyl) endo-tncyclo¡5 2 1 Cr'°]deca-4,8-dien-3-one (26) 
Following procedure С, treatment of 13b (0 50 g, 2 0 mmol) with chloroformate (0 94 g, 10 0 mmol) for 2 
hours resulted in the isolation of pure 26 (0 59 g, 96%) as a yellowish oil 
! H - N M R (400 MHz, CDCI3, ppm) δ 7 3 (m, ЗН, АгШ. 7 13 (d, 2Н, АгЦ). 5 99 A of AB (dd, 3 J=5 6 Hz, 
3J=2 9 Hz, IH, Hg or H9), 5 67 В of AB (dd, 3J=5 6 Hz, 3J=2 9 Hz, IH, Hg or H 9), 5 38 (s, IH, H4), 4 97 А 
of AB(d, 2J=16 5Hz, IH, N-CH.2), 4 73 В of AB (d, 2J=16 5 Hz, IH, N-CH2). 4 17 (m, IH, Нб), 3 88 (s, 3H, 
OCH3), 3 18 (brs, IH, Hi o r H 7 ) , 3 10 (brs, IH, Hi огН 7 ), 292 (m, IH. H 2), 1 69 A of AB (d, 2J=8 5 Hz 
IH, HioaorHiOs), 1 61 Bof AB (d, 2J=8 5 Hz, IH, Н ю
а
 or HiOs). , 3C-NMR (100 MHz, CDCI3, ppm) δ 
206 6 (s, C3), 173 0 (s, C 5), 153 8 (s, C(O)0CH3), 135 8 (s, ArC,), 134 2 and 131 6 (d, Cg and C 9), 128 8 (d, 
ArC), 127 6 (d, ArQ, 126 1 (d, ArC), 116 9 (d, C4), 54 0 (q, C£H 3 ), 52 2 and 52 0 (t, Сю and N-£H2), 50 9, 
48 4, 45 0 and 44 5 (d, C], C 2 , C 6 and C 7), IR (CH2C12, cm"1) ν 2950 (C-Η, sat ), 1725 (NC=0), 1675 
(enaminone), 1560 (enaminone), 1373 (C-N), MS (El, m/z) 309 (M+), 281 (M+ - CO), 243 (M+ - C5H6), 218 
(M+ - C 7 H 7 ) , 184 (M + - C5H6 - C 0 2 C H 3 ) , 91 (C 7 H 7 +), HRMS/Ы m/z calculated for C19H19NO3 
309 13649 amu Found 309 13632±0 00059 amu 
5-Benzylamino-(N-phenylacetyl) endo-tncyclo[5 2 I (ß'°]deca 4,8-dien-3-one (27) 
Following procedure С, treatment of 13b (0 50 g, 2 0 mmol) with phenylacetyl chloride (1 54 g, 10 0 mmol) 
for 2 5 hours resulted, after flash chromatography (n hexane ethyl acetate = 2 1), in the isolation of pure 27 
(0 62 g, 85%) as a yellow oil 
'H-NMR (400 MHz, CDCI3, ppm) 6 7 4-7 1 (m, ЮН, АгШ. 6 01 A of AB (dd, 3J=5 6 Hz, 3J=2 9 Hz, IH, 
Hg or H 9), 5 71 В of AB (dd, 3 J=5 6 Hz, 3 J=2 9 Hz, IH, Hg or H 9 ), 5 37 (s, IH, H 4), 4 96 A of AB (d, 
2J=17 8 Hz, IH, N-CH.2). 4 68 В of AB (d, 2J=17 8 Hz, IH, N CE2). 4 31 (m, IH, H 6 ), 3 82 (s, 2H, 
C(0)CH.2Ph). 3 18 (br s, IH, H| or H 7), 3 07 (br s, IH, Hi or H 7), 2 93 (m, IH, H 2), 1 73 A of AB (d, 
2J=8 5 Hz, IH, Нюа or H] 0 s) . 1 61 В of AB (d, 2 J=8 5 Hz, IH, H i 0 a or H i 0 s ) . 1 3C-NMR (100 MHz, 
CDCI3, ppm) δ 206 9 (s, Сз), 173 9 (s, C 5), 172 0 (s, C_(0)CH2), 135 3 (s, ArC,), 134 2 (d, Cg or C 9 ) , 
133 5 (s, Ar&). 131 8 (d, Cg or C 9), 129 2 (d, ArC), 129 0 (d, ArC), 128 7 (d, ArO, 127 9 (d, ArC), 127 5 (d, 
Ar£), 125 5 (d, ArC), 118 7 (d, C4), 52 4 and 52 2 (t. Сю and N-CH2), 50 9, 48 8, 44 9 and 44 6 (d. C], C 2 , 
Сб and C7), 43 1 (t, C(0)CH 2), IR (CH2C12, cm"1) ν 2950 (С H, sal, broad), 1675 (enaminone and amide), 
1560 (enaminone), 1370 (C-N), MS (EI, m/z) 369 (M+), 341 (M+ - CO), 303 (M+ - С 5 Н 6 ), 278 (M+ - C 7 H 7 ), 
250 (M+ - COCH2Ph), 91 ( C 7 H 7 + ) , HRMS/EI m/z calculated for C 2 5 H 2 3 N 0 2 369 1729 amu Found 
369 1731Ю0011 amu 
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5-Benzylamino-(N-benzyloxycarbonyl)-endo-tncyclo[5 2 I (P-6]deca-4,S-dien-i-one (28) 
Following procedure C, treatment of 13b (1 00 g, 4 0 mmol) with benzyloxycarbonyl chloride (3 41 g, 20 0 
mmol) for 1 hour resulted, after flash chromatography (nhexane ethyl acetate = 1 2), in the isolation of pure 28 
(1 10 g, 72%) as a yellow oil 
'H-NMR (400 MHz, CDCI3, ppm) 6 7 4-7 1 (m, 10H, ArH), 5 97 A of AB (dd, 3J=5 6 Hz, 3J=2 9 Hz, IH, 
Hg or H 9), 5 64 В of AB (dd, 3 J=5 6 Hz, 3 J=2 9 Hz, IH, Hg or H 9), 5 39 (s, IH, H 4), 5 30 A of AB (d, 
2J=12 1 Hz, IH, O-CH2). 5 25 В of AB (d, 2J=12 1 Hz, IH, O-CHj), 4 98 A of AB (d, 2J=16 5 Hz, IH, N-
СШ). 4 72 В of AB (d, 2J=16 5 Hz, IH, N-CH_2). 4 17 (m, IH, H 6), 3 16 (br s, IH, H] or H7), 3 02 (br s, 
IH, Hi or H 7), 2 90 (m, IH, H 2), 1 68 A of AB (d, 2J=8 5 Hz, IH, H i 0 a or H i 0 s ) , 1 55 В of AB (d, 2J=8 5 
Hz, IH, H 1 0 a or Hios). I 3C-NMR (100 MHz, CDCI3, ppm) δ 206 7 (s, C3), 173 1 (s, C5), 153 8 (s, 
C(0)OCH2), 135 8 (s, ArC,), 134 8 (s, Ar£,). 134 2 and 131 6 (d, Cg and C9), 128 8 (d, ArÇ), 128 7 (d, Ai£), 
128 4 (d, Ar£). 127 6 (d, ArÇ), 126 3 (d, ArC), 116 9 (d, C4), 69 0 (t, OCH2Ph), 52 4 and 51 9 (t, C\0 and N-
CH2), 50 9. 48 4, 44 9 and 44 7 (d, Ci, C2, C6 and C7), IR (CH2C12, cm"1) ν 2970 (C-Η, sat, broad), 1730 
(NC=0), 1675 (enaminone), 1560 (enammone), 1385 (C-N), MS (El, m/z) 385 (M+), 266 (M+ - C7H7 - CO), 
250 (M+ - C(0)OCH2Ph), 184 (M+ - C 0 2 C H 2 P h - С 5 Н 6 ) , 91 ( C 7 H 7 + ) , HRMS/EI m/7 calculated for 
C 2 5H 2 3 N03 385 1678 amu Found 385 167510 0011 amu 
5-Benzyb¡mino-(N-acryloyl)-endo-tncyclo[5 2 i CP¿]deca-4,8-dien-3-one (29) 
Following procedure С, treatment of 13b (0 50 g, 2 0 mmol) with acryloyl chloride (0 28 g, 3 1 mmol) for 5 
minutes resulted, after flash chromatography (n hexane ethyl acetate = 2 1), in the isolation of pure 29 (0 54 g, 
89%) as a colorless oil 
1
 H-NMR (400 MHz, CDCI3, ppm) δ 7 32 (m, 3H, ArH), 7 17 (d, 2H, ArH). 6 54 (m, 2Н, СН=СИг), 6 07 А 
of AB (dd, 3J=5 6 Hz, 3J=2 9 Hz, IH, Hg or H 9), 5 82 (dd, 3J=9 2 Hz, 3J=2 7 Hz, IH, CH=CH2), 5 78 В of 
AB (dd, 3J=5 4 Hz, 3J=2 9 Hz, IH, Hg or H 9), 5 45 (s, IH, H4), 5 03 A of AB (d, 2J=16 8 Hz, IH, N-CH.2). 
4 89 В of AB (d, 2J=16 8 Hz, IH, N-СНг). 3 94 (dd, 3J=5 9 Hz, 3J=4 2 Hz, IH, H6), 3 21 (br s, IH, Hj or 
H 7 ) , 3 01 (br s, IH, H] or H 7), 2 95 (dd, 3 J=5 7 Hz, 3J=4 9 Hz, IH, H 2), 1 75 A of AB (d, 2J=8 6 Hz, IH, 
Hl0a° r H 10s) . ! 61 В of AB (d, 2J=8 6 Hz, IH, H 1 0 a or H 1 0 s ) , 13C-NMR (100 MHz, CDCI3, ppm) 6 206 3 
(s, C3), 172 5 (s, C5), 167 3 (s, N£(0)), 135 8 (s, ArC,), 134 4 and 131 8 (d, Cg and C9), 131 0 (t, CH=£H2), 
128 9 (2 χ d, Ar£ and C(0)£H=CH2), 127 8 (d, Ar£), 126 2 (d, ArC), 121 2 (d, C4), 52 4 and 51 0 (t, Сю and 
N-CH2), 51 1, 48 3, 44 7 and 44 4 (d, C | , C 2 , C 6 and C 7). IR (СН2С12. cm"1) ν 3067 (C-Η, unsat ), 2972 
(C-Η, sat ), 1672 (enaminone), 1589 (NC=0), 1562 (enaminone), 1406 (C-N), MS (EI, m/7) 305 (M+), 277 
(M+ - CO), 239 (M+ - C5H5), 211 (M + - C5H5 - CO), 184 (M+ - C5H5 - CO-CH=CH2), 91 (C 7 H 7 +), 
HRMS/EI m/z calculated for C 2 o H i 9 N 0 2 305 14158 amu Found 305 1450±0 00059 amu 
5-Benzylamino-(N-methylsulfonethyhxycarbonyl)-endo-tncyclo¡5 2 J (ß^Jdeca 4,8-dten-3-one (30) 
Following procedure C, treatment of 13b (1 00 g, 4 0 mmol) with methylsulfonethyloxy-carbonyl chloride 
(1 50 g, 6 0 mmol) for 2 minutes resulted, after flash chromatography (ethyl acetate), in the isolation of pure 30 
(0 87 g, 55%) as a yellow oil 
'H-NMR (400 MHz, CDCI3, ppm) δ 7 3 (m, 3H. ArH), 7 13 (d, 2H, ArH), 6 01 A of AB (dd, 3 J=5 6 Hz, 
3J=2 9 Hz, IH, Hg or H 9), 5 72 В of AB (dd, 3J=5 6 Hz, 3J=2 9 Hz, IH, Hg or H9), 5 46 (s, IH, H4), 4 96 A 
of AB (d, 2J=16 9 Hz, IH, N-СНг). 4 77 В of AB (d, 2J=16 9 Hz, IH, N-СНг). 4 70 (m, 2H, OCH2), 4 17 (dd, 
3J=5 9 Hz, 3J=4 1 Hz, IH, H 6), 3 35 (m, 2H, OCH2CH2S02), 3 19 (brs, IH, Hi or H7), 3 10 (brs, IH, H] 
or H7), 2 94 (m, IH, H 2), 2 77 (s, 3H, S02CH3), 1 73 A of AB (d, 2J=8 5 Hz, IH, H i 0 a or H ] 0 s ) , 1 62 В of 
AB (d, 2J=8 5 Hz, IH, Hioa or H | 0 s ) . 1 3C-NMR (100 MHz, CDCI3, ppm) 6 206 5 (s, C3), 172 6 (s, C 5), 
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152 5 (s, £(0)OCH2), 135 5 (s, Aifi), 134 3 and 131 6 (d, Cg and C9), 128 9 (d, Ai£), 127 8 (d, Ai£), 125 9 
(d, ArCJ, 117 7 (d, C4), 59 8 (t, 0£H 2 ) , 53 8 (t, ОСНгСН^Ог), 52 2 and 52 0 (t, C\0 and N-Ç_H2), 51 0, 
48 2, 45 0 and 44 5 (d, Ci, C2, C6 and C7), 41 6 (q, вОгСНз), IR (CH2C12, cm"1) ν 2965 (C-Η, sat ). 1735 
(NC=0), 1680 (cnaminone), 1570 (enaminone), 1395 (C-N), 1320 (sulfon), MS (EI, m/z) 401 (M+), 373 (M+ -
CO), 336 (M+ - C5H5), 307 (M+ - C 5 H 6 - CO), 251 (M+ - Msc), 223 (M+ - CO - Msc + H), 185 (M+ - C5H5 
- Msc + H), 91 ( C 7 H 7 + ) , HRMS/EI m/z calculated for C 2 i H 2 3 N 0 5 S 401 1297 amu Found 
401 1299±0 0012 amu 
5-Benzylammo (N-methylsulfonyl)-endo-tncycU>l5 2 I 0 2 6]deca-4,8-dien-3-one (31) 
Following procedure C, treatment of 13b (0 50 g, 2 0 mmol) with methylsulfonyl chloride (1 14 g, 10 0 
mmol) for 6 days resulted, after flash chromatography (ethyl acetate methanol = 20 1 ), in the isolation of pure 
32 (0 12 g, 19%) as a brown oil 
•H-NMR (400 MHz, CDCI3, ppm) δ 7 3 (m, 5H, ArH), 6 04 A of AB (dd, 3J=5 4 Hz, 3J=2 8 Hz, IH, Hg or 
H9), 5 68 В of AB (dd, 3 J=5 4 Hz, 3J=2 8 Hz, IH, Hg or H 9), 5 65 (s, Ш, H 4), 5 13 A of AB (d, 2J=16 6 Hz, 
IH, N-СБл). 4 86 В of AB (d, 2J=16 6 Hz, IH, N-CH2), 3 64 (m, IH, H 6), 3 19 (brs, IH, H] or H 7), 3 13 
(br s, IH, Hi or H 7), 3 00 (s, 3H, СНз), 2 93 (t, 3J=5 3 Hz, IH, H 2), 1 74 A of AB (d, 2J=8 6 Hz, IH, H i 0 a 
or Hios), 1 57 В of AB (d, 2J=8 6 Hz, IH, H i 0 a or H i 0 s ) , 13C-NMR (100 MHz, CDCI3, ppm) δ 205 5 (s, 
Сз), 169 9 (s, C 5), 135 3 (s, ArC.,), 134 9 and 131 0 (d, Cg and C 9), 129 0 (d, ArCJ, 128 2 (d, ArCJ, 126 8 (d, 
ArÇJ, 117 2 (d, C4), 52 2 and 52 0 (t, C j 0 and N-£H2), 51 1, 48 0, 45 4 and 44 2 (d, C] , C2, C6 and C7), 
39 9 (q, ÇH3), IR (CH2C12, cm"1) ν 2930 (C-Η, sat, broad), 1675 (enaminone), 1560 (enaminone), 1355 
(S0 2N), 1160 (S0 2N), MS (CI, m/z) 330 (M+ + 1), 301 (M+ - CO), 264 (M+ - C 5 H 6 ), 250 (M+ - S0 2 CH 3 ) , 
238 (M+ - C 7 H 7 ) , 222 (M + - S 0 2 C H 3 - CO), 184 (M+ - S 0 2 C H 3 - C 5 H 6 ) , 91 ( C 7 H 7 + ) , HRMS/EI m/z 
calculated for C]gH| 9 N03S 329 10856 amu Found 329 1084310 00096 amu 
5 Benzylammo-(N-p-toluenesulfonyl-endo-tncyclo[5 2 1 (ß^]deca-4,8 dien-3-one (32) 
Following procedure C, treatment of 13b (0 30 g, 1 2 mmol) with p-loluenesulfonyl chloride (1 14 g, 6 0 
mmol) for 2 hours resulted, after flash chromatography (n.hexane ethyl acelale = 1 2), in the isolation of pure 32 
(0 11 g, 22%) as a colorless oil 
1
 H-NMR (400 MHz, CDCI3, ppm) δ 7 70 (d, 3J=8 3 Hz, 2H, ArH(Ts)), 7 3 (m, 7H, ArH), 5 78 A of AB (dd, 
3J=5 6 Hz, 3J=2 8 Hz, IH, Hg or H9), 5 55 (s, IH, H4), 5 26 A of AB (d, 2J=16 4 Hz, IH, N-CH.2), 5 13 В of 
AB (dd, 3 J=5 6 Hz, 3 J=2 8 Hz, 1H, Hg or H 9), 4 58 В of AB (d, 2J= 16 4 Hz, 1H, N-CH2), 3 64 (m, 1H, H 6), 
3 12 (brs, IH, H] or H 7), 3 08 (brs, IH, Hi or H 7), 2 82 (m, IH, H 2), 2 45 (s, 3H, СНз), 1 63 A of AB (d, 
2J=8 6 Hz, IH, Hioa or H i 0 s ) , 1 50 В of AB (d, 2J=8 5 Hz, IH, H i 0 a or H ] 0 s ) , 1 3C-NMR (100 MHz, 
CDCI3, ppm) δ 206 0 (s, Сз), 169 9 (s, C 5), 145 1 (s, S02ArÇ,), 135 42 (s, ArC,), 135 41 (s, CH3ArC_,), 
133 9 and 131 3 (d, Cg and C9), 130 0 (d, ArÇJ, 128 8 (d, ArCJ, 128 0 (d, ArC), 127 3 (d, ArC), 126 9 (d, 
ArÇJ, 118 0 (d, C4), 52 7 and 51 8 (l, C ) 0 and N Ç_H2), 51 0, 48 3, 45 5 and 44 1 (d, Cj , C2, C6 and C7), 
21 6 (q, C.H3), IR (CH2C12, cm ' ) ν 2930 (C-Η, sat, broad), 1680 (enaminone), 1560 (enaminone), 1360 
(S0 2N), 1168 (S0 2 N), MS (EI, m/z) 405 (M+), 339 (M+ - C 5 H 6 ) , 314 (M + - C 7 H 7 ) , 250 (M+ - Ts), 222 
(M+ - Ts - CO). 184 (M+ - Ts - C 5 H 6 ) , 91 (C 7 H 7 + ) , HRMS/EI m/z calculated for C 2 4 H 2 3 N 0 3 S 405 1399 
amu Found 405 1398+0 0012 amu 
4-Benzylamino-(N-acetyl)pentacyclo[5 3 0 Ο2·5 03·9 O^^Jdecan-ó-one (33) 
Following procedure D, irradiation of 26 (0 55 g, I 9 mmol) for 4 h gave 33 in quantitative yield (0 54 g, 
99%) An analytically pure sample was obtained by recrystallization from 2-propanol as while crystals 
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Chapter 5 
Mp 124-125°C, Ή-NMR (400 MHz, CDCI3, ppm) δ 7 3 (m, 5H, АгН), 4 64 A of AB (d, 2J=17 4 Hz, IH, 
N-CH2). 4 57 В of AB (d, 2J=17 4 Hz, IH, N-CH2). 3 20 (m, 2H, Н 2 and Н3), 2 78 (m, ЗН, Hi and H 9 and 
(H 7 or Hg)), 2 42 (m, 2H, H 5 and (Н 7 or Hg)), 2 07 (s, ЗН, СЫз). 1 69 A of AB (d. 2J=11 5 Hz, IH, H 1 0 a or 
Hios). 1 52 В of AB (d, 2J=11 5 Hz, IH, H | o
a
 or H]0S); , 3C-NMR (100 MHz, CDCI3, ppm) δ 214 4 (s, 
C 6 ), 170 8 (s, С(О)СНз), 137 5 (s, ArC,), 128 9 (d, ArCo or ArCm), 127 6 (d, ArC_p), 125 9 (d, ArCj, or 
Ar£m), 60 2 (s, C4), 50 2 (t, N-£H2), 51 5, 48 5, 46 9, 46 4, 41 51, 41 55 and 34 5 (d, Ci, C2, C3, C5, C7, 
Cg and C9), 41 7 (t, Сю), 21 9 (q, C_H3), IR (CH2C12, cm"1) ν 2980 (C-Η, sat ), 1750 (NC=0), 1635 (C=0), 
1405 (C-N), MS (El, m/z) 293 (M+), 265 (M+ - CO), 250 (M+ - H3CCO), 202 (M+ - C7H7), 174 (M+ -
C7H7 - CO), 91 (C 7 H 7 + ) , Analysis calculated for C i 9 H i 9 N 0 2 77 79 %C, 6 53 %H, 4 77 %N Found 77 28 
%C, 6 46 %H, 4 78 %N 
4-Benzylamino-(N-methyloxycarbonyl)pentacyclo[5 3 0 0 2 · 5 (fl·9 Cn$]decan-6-one (34) 
Following procedure D, irradiation of 27 (0 30 g, 1 0 mmol) for 23 h gave 34 in 67% yield (0 20 g) after 
purification by flash chromatography (ethyl acetate η hexane = 2 1) An analytically pure sample was obtained 
by recrystalhzation from 2-propanol as white crystals 
Mp 105-106°C, ]H-NMR (400 MHz, CDCI3, T=315K, ppm) δ 7 3 (m, 5H, АгИ), 4 66 A of AB (d, 2J=16 0 
Hz, IH, N-CH2). 4 53 В of AB (d, 2J=16 0 Hz, IH, N-CH.2), 3 65 (s, ЗН, СНэ). 3 24 (m, IH, H 2 or H3), 3 09 
(m, Ш, H 2 or H3), 2 75 (m, 3H, H! and H 9 and (H 7 or Hg)), 2 31 (m, 2H, H5 and (H 7 or Hg)), 1 67 A of AB 
(d, 2J=11 5 Hz, IH, HioaOrHiOs), 1 52 В of AB (d, 2 J=U 5 Hz, IH, H i 0 a or Hirjs), 13C-NMR (100 MHz, 
CDCI3, T=315K, ppm) δ 214 7 (s, C 6), 155 9 (s, C_(0)OCH3), 138 8 (s, ArC.,), 128 6 (d, ArCJ, 127 3 (d, 
ArCJ, 127 0 (d, ArCJ, 58 1 (s, C 4), 52 4 (q, OC.H3), 49 0 (t, N-Ç_H2), 51 5, 49 6, 46 9, 46 7, 42 0, 41 3 and 
34 0 (d, Ci, C2, C3, C5 , C7, Cg and C9), 41 7 (t, Сю), IR (CH 2 C1 2 , cm"1) ν 2950 (C-Η, sat), 1760 
(NC=0), 1695 (C=0), 1385 (C-N), MS (EI, m/z) 309 (M+), 281 (M+ - CO), 243 (M+ - C 5 H 6 ), 218 (M+ -
C7H7), 190 (M+ - C7H7 - CO), 91 (C 7 H 7 + ) , Analysis calculated for Сі9Ні9гТОз 73 77 %C, 6 19 %H, 4 53 
%N Found 74 06 %C, 6 23 %H, 4 87 %N 
4-Benzylamino-(N-phenylacetyl)pentacyclo[5 3 0 Cß$ <ß·9 0*$]decan-6-one (35) 
Following procedure D, irradiation of 28 (0 36 g, 1 0 mmol) for 2 5 h gave 35 in quantitative yield (0 36 g, 
99%) An analytically pure sample was obtained by recrystalhzation from 2-propanol as white crystals 
Mp 134-135°C, 'H-NMR (400 MHz, CDCI3, ppm) δ 7 4-7-2 (m, ЮН, АгН), 4 63 A of AB (d, 2J=17 5 Hz, 
IH, N-СИг), 4 55 В of AB (d, 2J=17 5 Hz, Ш, N-CH2), 3 62 (s, 2H, C(0)CH2Ph), 3 23 (m, IH, H 2 or H3), 
3 15 (m, IH, H 2 or H3), 2 79 (m, 3H, H] and H 9 and (H7 or Hg)), 2 44 (m, 2H, H5 and (H7 or Hg)), 1 69 A 
of AB(d, 2J=11 5 Hz, IH, H i 0 a o r H i 0 s ) . 1 51 В of AB (d, 2J=11 5 Hz, IH, H]0a or H i 0 s ) , 13C-NMR (100 
MHz, CDCI3, ppm) δ 214 4 (s, C 6), 171 1 (s, £(0)СН 2 ), 137 5 (s, Ar£,), 134 5 (s, ArC,), 128 9 (d, ArC), 
128 7 (d, ArCJ, 127 6 (d, ArCJ, 126 9 (d, ArCJ, 125 9 (d, ArQ, 60 5 (s, C4), 49 6 (t, N-C_H2), 51 5, 48 5, 
47 0, 46 4, 41 70, 41 55 and 34 5 (d, Ci, C2, C3, C5, C7, Cg and C9), 41 74 (l. Сю), 41 2 (t, C(0)C_H2), IR 
(CH2C12, cm"1) ν 2980 (C-Η, sat ), 1760 (NC=0), 1635 (C=0), 1400 (C-N), MS (El, m/z) 369 (M+), 341 
(M + - CO), 303 (M+ - C 5 H 6 ), 278 (M+ - C7H7), 250 (M+ - COCH2Ph), 91 (C7H74·), Analysis calculated for 
C 2 5 H 2 3 N 0 2 81 27 %C, 6 27 %H, 3 79 %N Found 80 85 %C, 6 22 %H, 3 85 %N 
4-Benzylanuno-(N-benzyloxycarbonyl)pentacyclo[5 3 0 О2·-' (Й·9 O^^Jdecan-6-one (36) 
Following procedure О, irradiation of 29 (0 50 g, 1 3 mmol) for 2 5 h gave 36 in 81% yield (0 41 g) as a 
colorless oil, purified by flash chromatography (n hexane ethyl acetate = 2 1) 
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PhotocycUzation... 
Ή-NMR (400 MHz, CDCI3, T=325K, ppm) δ 7 35-7 20 (m, ЮН, АгШ, 5 23 A of AB (d, 2J=12 1 Hz, IH, 
О СШ). 4 96 В of AB (d, 2J=12 1 Hz, IH, O-CH2). 4 62 A of AB (d, 2J=16 0 Hz, IH, N-CH.2). 4 54 В of AB 
(d, 2J=16 0 Hz, IH, N-СЩ), 3 25 (m, IH, H 2 or H3), 3 01 (m, IH, H 2 or H3), 2 75 (m, 3H, Hi and H 9 and 
(H 7 or Hg)), 2 33 (m, IH, H 5 or (H 7 or Hg)), 2 25 (m, IH, H 5 or (H7 or Hg)), 1 64 A of AB (d, 2J=11 7 Hz, 
IH, Hioa or H 1 0 s ) , 1 50 В of AB (d. 2J=11 7 Hz, IH, Н ю а or HiOs). 13C-NMR (100 MHz, CDC13> T=325K, 
ppm) δ 215 8 (s, Ce), 155 1 (s, C(0)OCH2), 138 8 (s, Аг&), 136 5 (s, ArCi), 128 8 (d, ArC), 128 6 (d, ArC), 
128 4 (d, ArC), 128 1 (d, ArC), 127 2 (d, Ai£), 127 0 (d, AiQ, 67 3 (t, OCH2), 58 3 (s, C4), 49 1 (t. N-£H2), 
51 5, 49 5, 47 2, 46 7, 42 0, 41 3 and 34 0 (d, Ci, C2, C3, C5, C7, Cg and C9), 41 8 (t, Сю), IR (CH2C12, 
cm !) ν 2980 (C-Η, sat, broad), 1760 (NC=0), 1690 (C=0), 1400 (C-N), MS (EI, m/z) 385 (M+), 320 (M+-
C5H5), 294 (M+ - C7H7), 266 (M+ - C7H7 - CO), 250 (M+ - C(0)OCH2Ph), 91 ( C 7 H 7 + ) , HRMS/EI m/z 
calculated К>гС25Н2зЖ>з 385 1678 amu Found 385 1679±0 0011 amu 
4-Benzylamino-(N-methylsulfonethyloxycarbonyl)pentacyclo[5 3 0Cr·' CP&(ή ^]decan-6-one (37) 
Following procedure D, irradiation of 31 (0 56 g, 14 mmol) for 4 h gave 37 in 96% yield (0 54 g) as a 
yellowish oil, purified by flash chromatography (ethyl acetate) 
•Η-NMR (400 MHz, CDCI3, T=315K, ppm) δ 7 3 (m, 5H, АгШ. 4 7-4 5 (m, 4Н, NCH.2 and ОСН2). 3 33 
(m, 2H, OCH2CH2S02), 3 22 (m, 2H, H 2 and H3), 2 7-3 0 (m, 5H, Hi,H 5 , H 7 , Hg and H 9), 2 35 (br s, 3H, 
S0 2 CHj) , 1 68 A of AB (d, 2J=11 5 Hz, IH. Н ю , or HiOs). 1 53 В of AB (d, 2J=11 5 Hz, IH, H i 0 a or 
Hios). 13C-NMR (100 MHz, CDCI3, T=315K, ppm) δ 215 5 (s, C 6), 168 0 (s, C(0)OCH 2), 138 2 (s, ArC,), 
128 7 (d, ArC), 127 4 (d, ArC). 126 9 (d, ArC), 59 2 (s, C 4), 58 5 (t, OCH2), 53 7 (t, ОСНгСН^Ог), 49 2 
(t, N-CH2), 51 6, 49 3, 46 8, 46 6, 42 0, 41 3 and 34 0 (d, Ci, C 2 , C3, C 5 , C 7 , Cg and C9), 41 8 (t, Сю), 
41 7 (q, БОгСНз), IR (CCI4, cm"1) ν 2993 (C-Η, sat, broad), 1766 (NC=0), 1713 (C=0), 1411 (C-N), 1323 
(sulfon), MS (EI, m/z) 401 (M+), 373 (M+ - CO), 336 (M+ - С 6 Н 5 ), 307 (M+ - C5H5 - CO), 250 (M+ - Msc), 
223 (M+ - CO - Msc + H), 186 (M+ - C5H5 - Msc + H), 158 (M+ - C5H5 - Msc - CO + H), 91 ( C 7 H 7 + ) , 
HRMS/EI m/z calculated for C21H23NO5S 401 1297 amu Found 401 1299±0 0012 amu 
( ) (IS, 2R, 65, 7R, l'R)-5-<l'-PhenylethylammoHN-methyhulfonethybxycarbonyl)-endo-tncyclol5 2 I O2·6]-
deca-4,8 dien-3-one (46a) 
To a solution of tricyclic enaminone 46a (0 44 g, 1 66 mmol) in DMF (10 mL) is added NaH (0 16 g, 50% 
dispersion in mineral oil, 3 3 mmol) at 0°C, and the reaction mixture is stirred for 30 minutes 
Methylsulfonethyloxycarbonylchlonde (0 92 g, 5 0 mmol) is added m one portion The reaction is monitored by 
TLC (eluent ethyl acetate) and after completion stopped by quenching with 0 1 N HCI-solution (aq ) The 
reaction mixture was extracted with ethyl acetate (3x) The combined organic fractions were extracted with water 
(lx) and brine (lx), dried over Na 2S04 and concentrated in vacuo After purification by flash chromatography 
(ethyl acetate) the reaction product 46a (0 44 g, 64%) was obtained as white crystals 
Mp I37-I38°C, [ a ] D 2 0 = -84 8° (c=l 02, CHCI3), Ή-NMR (400 MHz, CDCI3. ppm) 6 7 4-7 2 (m, 5H, 
ArH), 6 09 A of AB (dd, 3 J=5 6 Hz, 3J=2 9 Hz, IH, Hg or H9), 5 91 В of AB (dd, 3J=5 6 Hz, 3J=2 9 Hz, IH, 
Hg or H9), 5 53 (q, 3 J=7 0 Hz, IH, N-CHJ. 5 40 (s, IH, H4), 4 58 (m, 2H, ОСЦ2), 4 19 (dd, 3 J=5 9 Hz, 
3J=4 1 Hz, IH, H 6 ) 3 20 (m, 3H, О С Н 2 С Щ 5 0 2 a n d ( H , o r H ? ) ) 3 0 7 ( b r s 1 H H ] o r H ? ) 2 93 (m, IH, 
H 2 ), 2 81 (s, 3H, SO2CE3). 1 77 A of AB (d, 2 J=8 5 Hz, IH, Н ю а or H i 0 s ) , 1 74 (d, 3 J=7 0 Hz, 3H, 
СНСЦ3). 1 64 В оГ AB (d, 2J=8 5 Hz, IH, Н і 0 а or H 1 0 s ) . 13C-NMR (100 MHz, CDCI3, ppm) δ 206 7 (s, 
Сз), 171 4 (s, C5), 152 9 (s, C(0)OCH 2), 140 1 (s, ArC,), 134 4 and 131 8 (d, Cg and C9), 128 8 (d, ArQ, 
127 5 (d, ArC), 125 6 (d, ArC). 118 8 (d, C4), 59 3 (t, OCH2), 57 3 (d, N-£H), 53 2 (t, OCH2CH2S02), 52 3 
(t. Cm), 50 6, 49 1, 44 9 and 44 3 (d, Ci, C2 , C6 and C7), 41 6 (q, SO2CH3), 16 1 (q, CHCH3), IR 
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Chapters 
(CH2CI2, cm"1) ν 2995 (C-Η, sat, broad), 1732 (NC=0), 1677 (enaminone), 1564 (enammone), 1408 (C-N), 
1320 (sulfon), MS (EI, m/z) 265 (M+ - Msc + H), 237 (M+ - CO - Msc + H). 199 (M+ - C5H5 - Msc), 105 
(CHCH3Ph+), Analysis calculated for C22H25NO5S 63 60 %C, 6 06 %H, 3 37 %N, 7 72 %S Found 62 74 
%C, 5 95 %H, 3 39 %N, 7 97 %S 
<+)-(]R, 2S, 6R, 7S, J'R)-5-(]'-phenylethylamino)-(N-methylsulfonethyloxycarbonyl)-endo-tncyclol5 2 1 02·6/ 
deca-4,8-dien-3-one (46b) 
To a solution of tricyclic enaminone 45b (0 60 g, 2 26 mmol) in DMF (10 mL) is added NaH (0 33 g, 50% 
dispersion in mineral oil, 6 8 mmol) at 0°C, and the reaction mixture is stirred for 30 minutes 
Methylsulfonethyloxycarbonylchlonde (1 90 g, 10 2 mmol) is added in one portion The reaction is monitored 
by TLC (eluent ethyl acetate) and after completion stopped by quenching with 0 1 N HCl-solution (aq ) The 
reaction mixture was extracted with ethyl acetate (3x) The combined organic fractions were extracted with water 
(lx) and brine (lx), dried over Na2SC>4 and concentrated m vacuo After purification by flash chromatography 
(ethyl acetate) the reaction product 46b (0 63 g, 67%) was obtained as a yellow oil 
f a ] D 2 0 = +120 4° (c=l 07, CHCI3), 'H-NMR (300 MHz, CDCI3, ppm) δ 7 3 (m, 5H, АгН), 6 07 A of AB 
(dd, 3J=5 6 Hz, 3J=2 9 Hz, IH, Hg or H9), 5 87 В of AB (dd, 3J=5 6 Hz, 3J=2 9 Hz, IH, Hg or H9), 5 57 (s, 
IH, H4), 5 20 (q, 3J=7 0 Hz, IH, N-СЦ). 4 37 (m, 2H. OCH.2). 4 22 (dd, 3J=6 0 Hz, 3J=4 1 Hz, IH, H6), 3 24 
(m, 2H, OCH2CH.2SO2), 3 1-29 (m, 3H, Hi. H2 and H7), 2 79 (s, 3H, SO2CH3). ' 78 (d, 3J=7 0 Hz, 3H, 
CHCHj), 1 72 A of AB (d, 2J=8 5 Hz, IH, H i 0 a or H| 0 s), 1 62 В of AB (d, 2J=8 5 Hz, IH, H i 0 a or Hi 0 s ) . 
13C-NMR (75 MHz, CDCI3, ppm) δ 206 6 (s, C3), 173 1 (s, C5), 152 6 (s, £(0)OCH 2), 139 9 (s, Аг£), 
134 5 and 131 5 (d, Cg and C9), 128 7 (d, ArC), 127 5 (d, ArC), 125 8 (d, Ar£), 116 7 (d, C4), 58 9 (t, 
OCH2), 58 4 (d, N-CH), 52 8 (t, OCH2CH2SO2), 52 1 (t, Сю), 50 9, 48 3, 44 7 and 44 5 (d, Ci. C2, C 6 and 
C7), 41 5 (q, SO2CH3), 16 9 (q, CHC.H3), IR (CH2C12, cm"1) ν 2970 (C-Η, sat, broad), 1734 (NC=0), 1680 
(enaminone), 1564 (enaminone), 1405 (C-N), 1318 (sulfon), MS (El, m/z) 415 (M+), 387 (M+ - CO), 334 (M+ 
- C5H5 - CH3), 311 (M+ - CHCH3PI1 + H), 265 (M+ - Msc + H), 237 (M+ - CO - Msc + H), 199 (M+ - C5H5 
- Msc), 105 (CHCH3Ph+), HRMS/EI m/z calculated for C22H25NO5S 415 1453 amu Found 
415 1454±0 0015 amu 
(+HIS, 2S, 3R, 4R, 5S, 7R, 8S, 9R, l'R) 4-(l'-PhenylethylaminoHN methylsulfonethyl-oxycarbonyl) 
pentacyclo[5 3 0 02·5 03·9 0* 8]decan-6one (47a) 
Following procedure D, irradiation of 46a (0 24 g, 0 58 mmol) for 3 h gave 47a m 88% yield (0 21 g) as a 
white foam, purified by flash chromatography (ethyl acetate) 
[ a ] D 2 0 = +718° (c=0 76, CHCI3), ] H-NMR (400 MHz, CDCI3, T=315K, ppm) δ 7 35 (m, ЗН, АгИ), 7 26 
(m, 2Н, АгШ, 5 36 (Ьг d, 3J=6 9 Hz, IH, NCH.CH3), 4 47 (t, 3J=6 1 Hz, 2H, ОСН.2), 3 31 (Ьг s, 2Н, 
CH2SO2). 3 18 (m, 2Н. Н2 and Н3), 3 09 (br s, IH, Hi or H9), 2 93 (s, 3H, SO2CH3). 2 71 (Ьг s, IH, Hi or 
H9), 2 59 (m, IH, Hg), 2 34 (br s, IH, H5), 2 28 (d, 3J=6 2 Hz, IH, H7), 1 77 (d, 3J=7 2 Hz, ЗН, СНСНэ), 
1 71 A of AB (d, 2J=11 0 Hz, IH, H | 0 a or Hi 0 s ) . 1 53 В of AB (d, 2J=11 0 Hz, IH, H i 0 a or Hi 0 s ) . 1 3 C-
NMR (100 MHz, CDCI3, T=315K, ppm) δ 215 6 (s, Сб), 154 5 (s, C(0)OCH2), 141 5 (s, ArC,), 128 5 (d, 
ArC), 127 2 (d, ArCJ, 126 7 (d, ArC), 58 9 (s, C4), 58 2 (t, OCH2), 54 1 (d, N-£HCH 2), 53 7 (t, 
OCH2CH2SO2), 51 6, 50 0, 47 8, 47 5, 41 8, 41 2 and 34 0 (d, Ci, C2, C3, C5, C7, Cg and C9), 41 7 (t, 
C1 0), 41 2 (q, SO2CH3), 18 6 (q, CHCH3), IR (CCI4, cm"1) ν 3006 (C-Η, sat, broad), 1764 (NC=0), 1697 
(C=0), 1410 (C-N), 1320 (sulfon), MS (El, m/z) 415 (M+), 387 (M+ - CO), 311 (M+ - CHCH3Ph + 1), 283 
(M+ - CHCH3Ph - CO + 1), 187 (M+ - Msc - Ph), 159 (M+ - CHCH3Ph - Msc), 105 (CHCH3Ph+), 
HRMS/EI m/z calculated for C22H25NO5S 415 1453 amu Found 415 1454+0 0011 
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Photocyclization. 
(+H1R. 2R. 3S, 4S. 5R, 7S, 8R, 9S, l'R)-4-(l'-PhenylethylaminonN-methylsulfonethyl-oxycarbonyl)-
pentacydolS 3 O O2·5 O3·9 O4·8]¡decan-6-one (47b) 
Following procedure D, irradiation of 46b (0 43 g, 1 02 mmol) for 2 5 h gave 47b in 72% yield (0 31 g) as a 
white foam, purified by flash chromatography (ethyl acetate) 
[ a ] D 2 0 = +2 3° (c=0 99, CHCI3), Ή-NMR (400 MHz, CDCI3, T=315K, ppm) δ 7 38 (m, ЗН, АгИ), 7 27 
(m, 2Н, АгШ. 5 49 (br d, 3J=6 0 Hz, IH, NCHCH3), 4 57-4 40 (m, 2H, OCH.2). 3 33 (t, 3J=6 0 Hz, 2H, 
CH2SO2), 3 21 (q, 3J=5 5 Hz, IH, H3), 3 05 (m, IH, H2), 2 94 (s, 3H, S02CHj), 2 78 (m, IH, Hg), 2 71 
(brs, IH, H! огН9), 2 37 (d, 3J=6 2 Hz, IH, H7), 2 31 (m, IH, Hi or H9), 2 22 (brs, IH, H5), 1 71 (d, 
3J=7 2 Hz, ЗН, СНСИз), 1 58 A of AB (d, 2J= 11 6 Hz, IH, Ню
а
 or Hi0 s), 1 37 В of AB (d, 2J= 11 6 Hz, IH, 
Нюа or Hios). 13C-NMR (100 MHz, CDCI3, T=315K, ppm) δ 215 6 (s, C6), 154 6 (s, £(0)OCH2), 141 7 
(s, Ar£,), 128 5 (d, ArQ, 127 1 (d, Ar£), 126 7 (d, Ar£), 58 3 (s, C4), 58 2 (t, OCH2), 53 9 (d, NÇ.HCH3), 
53 7 (t, OCH2£H2S02), 51 5, 50 3, 48 5, 48 1, 42 0, 41 2 and 34 1 (d, C]. C2, C3, C5, C7, Cg and C9), 
41 5 (t, Сю), 41 0 (q, SO2C.H3), 18 0 (q, CHCJH3), IR (CCI4, cm ' ) ν 3009 (C-Η, sat, broad), 1753 
(NC=0), 1698 (C=0), 1411 (C-N), 1325 (sulfon), MS (El, m/z) 415 (M+), 387 (M+ - CO), 350 (M+ - C5H5), 
311 (M+ - CHCH3Ph + 1), 283 (M+ - CHCH3Ph - CO + 1), 265 (M+ - Msc + 1), 246 (M+ - CHCH3Ph -
C5H5 + 1), 187 (M+ - Msc - Ph), 159 (M+ - CHCH3Ph - Msc), 105 (CHCH3Ph+), HRMS/EI m/z calculated 
for C22H25NO5S 415 1453 amu Found 415 1461±0 0015 
(+H1S, 2S, 4S, 5R, 7S, 8R)-Tetracychl5 3 0 О2·5 ^Иесап-З.Я-аюпе (40a) 
Diastereomer 47a (0 18 g, 0 44 mmol) was dissolved m a mixture of dioxane/ methanol/ 4N NaOH (aq ) (30/9/1 
v/v, 10 mL) After stirring for 1 minute the reaction mixture was quenched with water and extracted with ethyl 
acelate (3x) The combined organic fractions were extracted with water (lx) and brine (lx), dried over Na2SC>4 
and concentrated ш vacuo After flash chromatography (ethyl acetate) the enantiopure diketone 40a (56 mg, 
79%) was obtained as white crystals 
The spectroscopic data were in agreement with the data reported in literature^ 
[<x]D 2 0 = +9 5° (c=l 18, CHCI3), enantiopure 
(-H1R. 2R, 4R. 5S, 7R, 8S)-Tetracyclo[5 ЗОО2·5^ 8]decan-3,9-dione (40b) 
Diastereomer 47b (0 26 g, 0 62 mmol) was dissolved in a mixture of dioxane/ methanol/ 4N NaOH (aq ) 
(30/9/1 v/v, 10 mL) After stirring for 1 minute the reaction mixture was quenched with water and extracted with 
ethyl acetate (3x) The combined organic fractions were extracted with water (lx) and brine (lx), dried over 
Na2S04 and concentrated m vacuo After flash chromatography (ethyl acetate) the enantiopure diketone 40b (83 
mg, 82%) was obtained as white crystals 
The spectroscopic data were in agreement with the data reported in literature28e 
[a]D 2 0 = -9 3° (c=l 04, CHCI3), enantiopure 
5.6.1 Crystal structure 
5-Benzylamino-endo-tncyclo[5 2 1 СЙ,6]аес-4-еп-3-опе 15b 
A regularly shaped crystal of dimensions 0 45 χ 0 40 χ 0 32 mm was mounted on a glassfiber and the 
structure of 15b was determined at 293K Crystal data are given in Table 5 6 The crystal structure was 
determined using CRUNCH40 The structure was refined by full-matrix least squares on F 0
2
 values using 
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Chapter 5 
SHELXL-9341 with anisotropic temperature factors for the non-hydrogen atoms All hydrogen atoms were taken 
from a difference Fourier map and were freely refined The refinement converged to an R-value of 0 0468 
Data collection and processing for 15b CAD4 diffraclometer, (0-2Θ mode with scan width = 1 5(0 415 + 
0 169tan0)°, maximum scan time 30 s, graphitc-monochromated CuKct radiation, 2847 reflections measured of 
which 2070 independent 




















Data / restraints / parameters 
Goodness-of-fit on F 0 ^ 
Final R indices [Ι>2σ(Ι)] 
R indices (all data) 
Largest diff peak and hole 
C17H19NO 
colorless/regular 
253 33 g mol'1 
293(2) К 
CuKoc (graphite monochrom )/ 1 54184 Л 
Orthorombic 
Pbcn 
a = 40 6954(12) Â α = 90 0° 
b = 6 69280(12)Â β = 90 000(6) 
с =10 2378(4) Â α = 90 0o 
2788 44(14) A3 
8 
1 207 g cm"3 
0 579 mm"1 
1088 
0 45 χ 0 40 χ 0 32 mm 
4 35 to 74 31° 
0<h<50, 0<k<8, 0¿l<12 
2847 
2070 
Full-malnx, least-squares on F 0 2 
2846 / 0 / 2 4 8 
1065 
Ri = 0 0468, wR2 = 0 1049 
Ri = 0 0683, wR2 = 0 1205 
0 181 and-0 163c A 3 
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CAGE-OPENING REACTIONS OF 
4 - S U B S T I T U T E D 1 , 3 - B I S H O M O C U B A N O N E S : 
AN EXPLORATIVE STUDY 
6.1 Introduction 
Strained polycyclic cage compounds appeal to the imagination of many chemists because 
of their special structural features. Compounds of this type generally have rigid, compact and 
mostly highly strained structures. Often they possess unusual symmetry characteristics that add 
to their attractiveness as synthetic targets. The "challenge and reward"1 inherent in studies of 
the synthesis and chemistry of novel polycyclic cage compounds have been discussed on 
several occasions2. Some typical examples of such structures are depicted in Fig. 6.1, together 
with their relative strain energies (SE). 
Polycyclic cage compounds also constitute an attractive class of substrates for mechanistic 
studies. These molecules consist of a rigid carbocyclic framework and, consequently, bond 
lengths and bond angles can be estimated quite reliably in these systems3. Thus, a series of 
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1 Cubane 2 Homocubane 3 Basketane 4 Homocuneane 5 1,3-Bishomocubane 
SE -160 -120 -115 -100 -80 kcal/mole 
transmission of electronic effects in saturated systems4 and the question of through-bond 
versus through-space orbital interactions5. In addition, many rearrangements have been 
reported for cage systems6. The driving force behind these rearrangements often can be related 
to relief of steric strain and/or proximity effects associated with the unique compact structure of 
cage molecules. 
From a synthetic point of view cage compounds are of considerable interest as they can 
serve as a starting point for the preparation of novel complex polycyclic compounds, including 
cage as well as non-cage systems. In this chapter the focus will be on directed cage-opening 
reactions which may lead to annelated ringsystems with a specific stereochemistry. The 
underlying concept is depicted in Scheme 6.1. Cage systems are generally constructed by an 
initial [7i2+7t2]-photocyclization of a ¿is-olefin in which the double bonds are favorably 
positioned toward each other, e.g. as in tricyclodecadienone 6. Several modes of two-bond 
cleavage reactions can be envisaged in the corresponding cage compound 7, viz. A a retro-
reaction to the starting material 6, B¡.j involving cleavage of three other pairs of bonds leading 
to annelated ringsystems 8, 9 and 10, respectively. 
There is considerable evidence in the literature that the electronic nature of substituents R 
attached to a strained cage framework has a decisive effect on its kinetic stability and therefore 
governs the cage-opening reaction to a large extent (see literature review in Section 6.2). In this 
chapter the effect of such a substituent on two-bond cleavage reactions of 4-substituted 1,3-
bishomocubanones 7 will be described. 
6.2 Cage-opening reactions: a brief survey 
In Chapter 5 of this thesis, the paradox of the observed thermal stability of polycyclic 
hydrocarbons, e.g. cubane, and their calculated strain energies has been described. This 
thermal stability is merely caused by the inability of the cage molecule to undergo bond 
















reorganization via a non-concerted process, a fast cage degradation or fragmentation reaction 
may take place, even at low temperature. 
In the study of the chemical behavior of highly strained cage systems the intriguing 
question arises whether these molecules will undergo reactions with a high degree of regio- and 
stereospecificity or whether relief of strain will lead to uncontrolled degradation reactions. The 
routes used to modify cage molecules generally will rely on kinetic control to circumvent 
thermodynamic trapfalls. Synthetically useful cage-opening reactions reported in literature can 
be divided in six classes: (i) thermal processes, (ii) reductive processes, (iii) oxidative 
processes, (iv) base-promoted (anionic) processes, (v) Lewis and Br0nsted acid promoted 
(cationic) processes and (vi) transition-metal promoted reactions. 
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6.2.1 Thermal processes 
One of the first processes involving an efficient cage-opening reaction is the thermal 
fragmentation of the pentacyclo[5.4 0.02·6 03-10.05-9]undecane (PCUD) skeleton 12, reported 
by Mehta and coworkers8. Applying Flash Vacuum Thermolysis (FVT, see Section 6.7) the 
cyclobutane ring of 12 was cleaved, furnishing the corresponding linear inquinane 13 (Scheme 
6 2). 
Scheme 6.2 
11 12 13 13 
The overall two-step transformation to inquinane 13 involving intramolecular photocychzation 
of 11 followed by thermal cage fission of 12 can be formulated as a "photothermal metathesis 
scheme" 
Gas-phase thermolysis of several other cage compounds has been employed to prepare 
novel, substituted polyquinanes6e'6h>9. Polycyclopentanoid (polyquinane)10 skeletons are 
important synthetic building blocks for many compounds found in plant1', marine12 and fungal 
sources
13
, e.g. compounds 14-16 (Fig. 6.2). 
14hirsutene 15conolm ІбсарпеІІ п 
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6.2.2 Reductive processes 
PCUD's of type 12 can be converted into cis,syn,cis linear triquinanes 19 by selective, 







Hydrogénation of strained C-C σ-bonds in cage systems occurs preferentially at those C-
C bonds whose cleavage results in the greatest relief of strain. As shown for homocubane 2 
stepwise hydrogénation of strained C-C bonds may be accompanied by the Pd-catalyst-induced 
valence isomenzation, leading to a mixture of compounds (Scheme 6.4)15. 
Scheme 6.4 
H2, Pd/C, MeOHl 
I valence 










6.2.3 Oxidative processes 
An example of an oxidative cage opening is given in Scheme 6.5. Initial oxidation of the 
saturated heptacyclic cage molecule 25 leads to the oxygenated derivatives 26 and 27, which 
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upon oxidation with Pb(OAc)4 in the presence of iodine leads to selective C-C cleavage to form 
28. Upon further oxidation the latter compound yields the cage dione 30 1 6 (Scheme 6.5). 
a,b 
OH 
Reagents and conditions: a: Pb(OAc)4, CF3COOH, LiCI, 
CH2CI2. b: 5% NaOH (aq.). c: Pb(OAc)4,I2, benzene, d: 
10% NaOH (aq.), Δ. e: K2Cr207, 1% H 2 S 0 4 (aq.), 55°C. 
6.2.4 Base-promoted (anionic) processes 
Base-induced cage-opening reactions have been the subject of several studies2*1·17. When 
exploring the chemistry of pentacyclic bridgehead alcohols 31 (R=H) the Nijmegen research 
group6e-f-S·18 discovered that basic alcoholysis of the corresponding acetates 31 (R=Ac) 










(Scheme 6.6). This process, that can be formulated as a homoketonization reaction, appeared to 
be completely regio- and stereospecific and proceeded with complete retention of configuration. 
The regiochemistry of bond cleavage in the bridgehead acetate 31 (R=Ac) is primarily 
governed by relief of cage strain, resulting in the exclusive formation of the thermodynamically 
most stable half-cage ketones 32. Electronic factors do not play a significant role here, since in 
none of the three conceivable C-C bond cleavages the developing carbanion is particularly 
stabilized. The intriguing possibility of directing the regiochemistry of the cage opening by 
stabilization of one of the carbanionic intermediates, could lead to thermodynamically less stable 
jeco-cages. For this purpose, the base-induced homoketonization of bridgehead-substituted 
1,3-bishomocubyl acetates 33-35, containing either a carbanion-stabilizing carbonyl group as 
in 33, a non-stabilizing group as in 34, or a leaving group as in 35 at the position β to the 














Homoketonization of ketal acetate 34 entirely proceeds along the anticipated pattern and 
produces the thermodynamically most stable half-cage ketone 37. In contrast, keto-acetate 33 
undergoes an extremely fast cage opening reaction affording regiospecifically diketone 36 in 
quantitative yield (cf. Chapter 5). The observed regiochemistry clearly demonstrates the effect 
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of conjugative stabilization of a C=0 function in this eliminative ring-fission process. A similar 
"contra thermodynamic" homoketonization was found for compound 35. The an/i'-mesylate 35 
gave under similar conditions a fragmentation with concomitant expulsion of the leaving group, 
affording keto-olefin 38 in quantitative yield. This 1,3-through cage-elimination process 
exhibits the decisive effect of substituents of different electronic nature on the course of a cage-
opening reaction5b'6e'f'8>18. 
6.2.5 Lewis and Br0nsted acid promoted (cationic) processes 
Lewis and Br0nsted acids have been found to promote thermodynamically controlled 
rearrangements in complex hydrocarbon cage systems, leading to the thermodynamically most 
stable isomer19. These cationic rearrangements have been applied to synthesize, for example, 
derivatives of adamantane20, brendane21, Dß-trishomocubane22 and bishomoprismane23. 
Substituted trishomocubanes undergo an efficient [n2+n2]-cycloreversion under the influence 
of protic acids and/or Lewis acids8.)'24. An example is given in Scheme 6.825. 
Scheme 6.8 
О О 
39 (R=H, OMe) 40 
Evidently, a combination of strain and electronic factors is responsible for this fast cage-
opening reaction. The electron-releasing ability of the methoxy group and the electron-
withdrawing effect of the ketone function results in an advantageous electronic "push-pull" 
effect2«·26. 
In analogy, 4-methoxy-substituted 1,3-bishomocubanones 41 have been reported by 
Klunder et а^·9* to produce polycyclopentanoid products 46 upon reaction with protic acids. 
In the presence of water fast hydrolysis of enol ethers 46 occurs to give diketones 47 (Scheme 
6.9). The first step in this regiospecific cage opening constitutes essentially an acid-catalyzed 
nucleophilic ring fission which is closely related to the base-induced homoketonization process 
as described in Scheme 6.6. A rather strained oxonium intermediate 44 is formed which 













46 (Х=Н, Br) 
44 
Н +
 Meo » 
Interestingly, the cycloreversion of methoxy-substituted PCUD 39 and 1,3-
bishomocubanones 41 and 42 could also be accomplished very efficiently under thermal 
conditions. Upon thermolysis PCUD 39 furnished 40 in good to excellent yields under 
dynamic (T=450-560°C, p=1.3 mbar) or static conditions (reflux in diphenylether)8b-24t. 
Compounds 41 and 42 gave a smooth thermal cycloreversion that was most efficiently carried 








46 (X=H, Br) 
This thermal cage cleavage most likely proceeds via a radical pathway, involving the initial 
formation of a l-methoxy-l,4-diradical by cleavage of the C4-C5 bond, followed by further 
bond scission. The formation of such a 1,4-diradicaI is particularly favored in terms of Viehe's 
concept of capto-dative stabilization8b·27. It is a synergetic effect of dative (methoxy) and 




6.2.6 Transition-metal promoted reactions 
Reactions of highly strained cage molecules involving transition metals2c>d,24b·28 can be 
divided into two categories. One involves the oxidative addition of the transition metal, e.g. 






Reaction of the 1,3-bishomocubane 5 with stoichiometric amount of [Rh(CO)2Cl]2 results in 
complex 50 which upon carbonyl insertion yields a new cage ketone 51. However, using a 





















affording dicyclopentadiene 49. 
The second type of transition-metal promoted valence isomerization involves insertion of 
the metal cation into one of the strained cage C-C o-bonds2 8 b·3 1. An illustrative example 
involving Ag1 is depicted in Scheme 6.126e-9a. The course of these metal cation-promoted 
reactions with cage compounds is governed by the relative stability of the metallocarbocations 
formed. This may lead either to a rearrangement (Scheme 6.12) or again to a cyclobutane-







X = C=0, C(-OCH r)2 
Y = 1-1, Br 
In this chapter attempts to establish the electronic impact of substituents at the 4-position 
in the 1,3-bishomocubanone system 7 on the kinetic stability of this cage skeleton will be 
described. To this aim some representative 4-substituted 1,3-bishomocubanones 7 were 
selected which contain a slightly electron-withdrawing acetoxy group (R=OAc), a slightly 
electron-releasing methyl substituent (R=Me) and the more strongly electron-releasing methoxy 





EWG : Ac (59), MF (60), 




6.3.1 Synthesis of 4-substituted 1,3-bishomocubanones 
The synthesis of 4-acetoxy- (33), 4-methoxy- (41) and 4-methyl-l,3-bishomocubanone 
(58) was conveniently realized starting from pseudo-meso 5-hydroxytncyclo-decadienone 64 
(Scheme 6 14) I8h,6e,33 
Scheme 6 14 








Reagents and conditions a NaOMe Me2S04 MeOH b MeLi, Et20 с 
АсгО d hv NH3, toluene e hv, toluene f hv, MeOH 
The [7t2+7t2]-photocychzation of 65, 66 and 67 proceeded all in high yields to give 
bishomocubanones 41, 58 and 33, respectively The cage closure of enol ether 65 deserves 
some comment Irradiation of this compound under standard conditions in toluene did not 
afford any of the desired cage compound 41 Instead, a mixture of cíí.syn.cíí-tnquinanes 46 
(X=H) and 47 (X=H) was obtained The formation of these products could be completely 
suppressed by performing the photocyclization of 65 in toluene containing some ammonia 
Under these conditions cage compound 41 was obtained as the only product in excellent yield 
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The ammonia will take away traces of acid present on the walls of the glassware, which 
apparently are responsible for the subsequent rapid cage-opening reaction of 41 (cf. Scheme 
6.9). The syntheses of the amino-substituted cage compounds 59-63 have been described in 
the preceding chapter (Section 5.3.2). 
6.3.2 Cage-opening reactions induced by acid or base 
As already reported in section 6.2.3, Scheme 6.9, 4-methoxy-substituted 1,3-
bishomocubanone 41 undergoes a facile and fast cage opening reaction upon treatment with a 
protic acid. The 4-methyl substituted compound 58 and the 4-acetoxy derivative 33 were 
subjected to the same conditions. No reaction was observed at all for these compounds when 
they were dissolved in toluene which was saturated with HO (g) and stirred for a considerable 
length of time. In methanolic 0.1 N H2SO4 as the reaction medium these compounds remained 
unchanged as well. 
The acetoxy cage 33 smoothly reacts with an equivalent amount of sodium methoxide in 
methanol to give the expected bond cleavage to tetracyclic diketone 36 (c/. Chapter 5 and 
Scheme 6.7). Subjecting the methoxy (41) and methyl substituted 1,3-bishomocubanones 58 
to this basic medium did not lead to any reaction. These results confirm that the bond cleavage 
reactions induced by acid or base are clearly governed by the nature of the substituent at C4 and 
depend predominantly on its electron-releasing ability. Relatively strong electron-donating 
substituents are needed to provide cage opening. 
6.3.3 Cage-opening reactions enforced by FVT 
As described before (Scheme 6.10) subjecting methoxy cage 41 to FVT conditions 
(T=400°C, p=8xl02 mbar) results in the formation of cí'í,jy«,c«-triquinane 46 (X=H) in 45% 
yield66. A more efficient conversion of 41 into the methoxy substituted triquinane 46 (X=H) 
can be attained, when the FVT-experiment is performed at lower temperature and lower 
pressure (T=325°C, p=3xl0"2 mbar) and by filling the quartz tube with glass beads. The use of 
beads causes the substrate to stay longer in the hot zone, resulting in longer contact times and 
consequently to better energy transfer from the hot surface to the substrate molecules. Under 
these conditions almost complete conversion of methoxy cage 41 was obtained (>93%), 
yielding methoxy triquinane 46 (X=H) with a selectivity of 95% (88% total yield). 
For this experiment the set-up of the FVT-equipment had to be modified34. In contrast to 
the traditional set-up (described in section 6.7) the quartz tube was now placed vertically and 
equipped with a quartz grid to support the glass beads (Fig. 6.4). This adaption does not 
change the performance of the FVT-apparatus as such, except that occasionally undesired 
condensation of less volatile compounds takes place in the 'knee' between the thermolysis oven 
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Exploration of the thermal behavior of acetoxy derivative 33 under FVT-conditions 
revealed that this compound is stable at temperatures as high as 700CC. It was recovered 
completely unchanged. Different results are obtained with 4-methyl-1,3-bishomocubanone 58. 
The methyl derivative 58 is again far more stable than its methoxy analogue 41. At thermolysis 
temperatures up to 550°C (p=3xl0"2 mbar) still 90% (according to GLC-analysis) of the 
starting material could be recovered. In addition, an unknown compound 68 was formed in 
low yields (3%). At 600°C, two other products were formed together with the starting material 
58 (86%) and the unknown product 68 (3%). These products were identified as 
dicyclopentadiene 49 and the dimer of 3-methyl-cyclopentadienone 69 (2%). The highest 
conversion (90%) was achieved at 750°C, which resulted in the formation of dicyclopentadiene 
49 (28%), dimer 69 (36%) and the unknown 68 (14%) (Scheme 6.15). Purification by 
column chromatography allowed the separation of all these products. Performing these 
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thermolysis reactions in a quartz tube Tilled with glass beads did not lead to improved results. 
Although the conversion was higher, the selectivity was much lower. 
Scheme 6.15 




mbar "{J ^ ^ \ It 
С = 90% 
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58 49 69 68 
The formation of dicyclopentadiene 49 and the dimer of 3-methylcyclopentadienone can 
be explained by assuming that under the thermolytic conditions cage compound 58 is enforced 
to undergo a cyclobutane-diolefin cycloreversion to produce 5-methyl-ewfo-tricyclodecadienone 
66, which in fact is the photoprecursor for cage compound 58. At the high temperature used 
this compound 66 will undergo a retro-Diels-Alder reaction to give cyclopentadiene and 3-
methylcyclopentadienone. Both products will dimerize when they condense on the cold trap. 
The precise structure of dimer 69 was secured by extensive NMR-studies using 2D-COS Y and 
2D-NOESY techniques. The spectral data were in agreement with those published for 69 by 
Elliot et α/.35. The same product 69 was isolated when the photoprecursor 66 itself was 
subjected to FVT-conditions. At a thermolysis temperature of 550°C (p=3xl0~2 mbar) complete 
conversion of 66 was achieved and the dimer 69 was formed with a selectivity of 59%. 
The structural assignment of the unknown compound 68 appeared g' °5 
more complicated. From the 'H- and 13C-NMR spectra it was concluded 
that a cage structure was still present. Surprisingly, mass spectral 
analysis revealed a molecular mass of 176 m/e, whereas the starting '-\J 
material 58 ( С ц Н ^ О ) has a molecular weight of only 160. High 
resolution mass spectrometry (peak match of m/e=176) established the ц4' 
molecular formula as C11H12O2. A strong carbonyl absorption in the 
infrared spectrum at v=1772 cm-1 suggested the presence of a lactone 
68 
moiety. On the basis of an detailed NMR analysis, viz. J H / 1 3 C -
correlation, 2D-COSY and 2D-NOESY NMR experiments applying deuterated benzene as a 
solvent for optimal resolution, the cage lactone structure, as shown in fig. 6.5, was assigned to 
the 'unknown' 68. Taking the CH2-group as a starting point, the neighbouring protons Hi and 
Η10 were identified by their COSY and NOES Y cross peaks. Similarly, the positions of the 
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remaining protons H2, H3, H4, Hs and H9 were assigned unambiguously. The DEPT-135 
13C-NMR analysis indicated that the alkoxy carbon atom C5 (δ 95.6 ppm) has to be quaternary. 
Furthermore, the position of the protons of the methyl group in the 'H-NMR spectrum (δ 1.18 
ppm, singlet) indicated that the methyl group is not part of an acetate moiety, but attributable to 
a methyl group attached to a quaternary carbon atom. 
The striking observation that the isolated product contains an extra oxygen atom can only 
be reconciled by assuming that during the thermolysis of 58 a very reactive intermediate is 
formed which either during the reaction or in the trapping process reacts with water or oxygen 
as the oxygen source. Tentatively, it is suggested that initially a radical-type cleavage of the C5-
Сб single bond is involved. Such a reaction bears some analogy with the Norrish Type I 
cleavage of ketones which takes place under photolytic conditions. The biradical 70 then 
rearranges to the more stable tertiary neopentyl biradical 71. Capture of oxygen originating 
from molecular oxygen or water ultimately furnishes the lactone 68 (Scheme 6.16). This 
reaction sequence resembles the Baeyer-Villiger oxidation of cyclic ketones to lactones3** as far 
as the net effect is concerned. More detailed studies are necessary to unequivocally establish the 
mechanism of this oxidation process. In particular, identifying the source of oxygen is 
intriguing as under the vacuum conditions applied no oxygen or water is expected to be present 





6.3.4 Cage-opening reactions induced by heterogeneous metal catalysts 
An alternative method to activate bonds in strained cage-type molecules involves the use 
of transition metal catalysts (see Section 6.2.6). Thus, cage compounds were treated with a 
transition metal on an alumina support. Zero-valent rhodium adsorbed on AI2O3 was chosen as 
the catalyst for this study as rhodium has shown to be an active metal in cage-opening and 
rearrangement reactions in liquid-phase chemistry (see section 6.2.6, Scheme 6.11). All 1,3-
bishomocubanones 33,41 and 58 were heated at reflux in toluene in the presence of a catalytic 
amount of 5% ІШАІ20з. Both the methoxy compound 41 and methyl congener 58 were 
conveniently and completely converted into one major product which turned out to be cuneane-













Product 72b was obtained as a pure compound after column chromatography in 38% yield. In 
the case of product 72a difficulties were encountered during the chromatographic purification. 
An initial crude yield of 48% eventually led to a yield of only 23% for the isolated pure product 
72a. The spectral data of product 72b fully agreed with those reported by Ogino et α/.-'3 for the 
same compound which was prepared from methyl cage compound 58 by treatment with either 
BF3 or AgClC>4. The structural assignment of 72a was based on the similarity of its spectra 
with those of 72b. 
When using 5% RI1/AI2O3 at a higher temperature in refluxing o-dichlorobenzene (180°C) 
only decomposition was encountered. To establish the contribution of the support, viz. 
alumina, on this cage rearrangement 4-methoxy-l,3-bishomocubanone was heated with pure 
AI2O3 in refluxing toluene. GLC analysis revealed the presence of a minute amount of product 
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72a. Hence, the rhodium can be held responsible for this cage rearrangement. The 
rearrangement of 41 into 72a could also be accomplished with ruthenium as the catalyst albeit 
with a lower selectivity. The acetoxy cage compound 33, however, both with rhodium and 
ruthenium catalysts remained completely unaffected under the conditions mentioned. 
Mechanistically it is assumed that the rearrangement of 1,3-bishomocubanones 41 and 
58 to cuneanes 72 proceeds via an electrophilic interaction of the metal with a σ-bond of the 
saturated carbon skeleton rather than via Lewis-acid activation (i.e. AI2O3) of the carbonyl33 
(Scheme 6.17). This transformation of a cyclobutane into a cyclopropane ring is accompanied 
by a considerable release of strain, which probably is the driving force for the reaction. After 
this initial cyclobutyl / cyclopropylcarbinyl rearrangement the cyclopropylcarbinyl cation 
formed rearranges again to produce the second cyclopropyl ring, followed by expulsion of the 
metal. The electron-releasing substituent at C4 evidently stabilizes the intermediate carbocations. 
Rearrangement of cubane-type compounds to cuneanes is well documented283'30·311'·'1·'·37. 
6.4 Thermolysis of 4-amino-substituted 1,3-bishomocubanones 
To study the effect of the electron-donating amino functionality on cage transformation 
reactions, the thermolytic behavior of 4-amino-substituted 1,3-bishomocubanones was also 
investigated in order to establish a possible [JC2+Jt2]-cycloreversion leading to amino derivatives 
of the cí'j,í)7i,c/i-triquinane system. Such triquinanes are interesting systems for natural 
product synthesis. Thermolysis using the Rash Vacuum Thermolysis methodology appeared 
not possible as the substrates could not be brought into the gas phase. However, static 
thermolysis, viz. heating the amino-cages 59-63 for several hours in boiling o-dichlorobenzene 
(T=180°C) (Scheme 6.18; Table 6.1), led quite unexpectedly to bicyclic cyclopentenones 73-
77. 
Scheme 6.18 
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 Two inseparable products in a ralio of 2:3. ^ MF = methyl 
formate. c Two inseparable products in a ratio of 2:5. " PA 
phenyl acetyl. 
At first glance, the spectral data obtained for products 73-77 suggested the formation of 
the expected triquinanes 78. A detailed NMR-analysis however, clearly revealed the presence 
of a geminai disubstituted olefin which led to the assignment of structures 73-77. This 
proposed structure is in full agreement with all spectral data. While compounds 75-77 were 
unequivocally characterized, the acetyl and methyl formate derivatives 59 and 60 gave an 
inseparable mixture of two products which prevented an indisputable assignment. However, 
the 'H-NMR spectra of these mixtures clearly indicated that the main products were trienes 73 











A plausible explanation for the formation of compounds 73-77 from 1,3-
bishomocubanones 59-63 involves an initial [7C2+JC2]-cycloreversion giving the cis,syn,cis-
triquinane 78. Subsequent double bond isomerization of the enamine C-C double bond via a 
1,3-hydrogen shift leads to cyclobutene 79 which then forms the isolated dienamines 73-77 by 
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a cyclobutene to butadiene ring opening (Scheme 6.19). These annelated cyclopentenones are 
novel structures which offer interesting perspectives for further synthetic elaboration, as in 
principle these compounds can be obtained in an enantioselective manner. 
6.5 Discussion 
The exploration of 4-substituted 1,3-bishomocubanones 33,41 and 58 in some 
selected cage-opening reactions confirms that the electronic nature of the 4-substituent has great 
impact, not only on the rate or selectivity of the cage opening, but in particular on product 
formation. Whereas the 4-methoxy-l,3-bishomocubanone 41 reacts rapidly and with high 
selectivity with mineral acids to give eventually annelated tricyclic cyclopentenone 47 (Scheme 
6.9), both the methyl and acetoxy cage 33 and 58 do not react at all. It is apparent that a strong 
electron-releasing functionality is needed to enforce cage opening under these relatively mild 
acidic conditions. As may be expected both the 4-methoxy 41 and 4-methyl compound 58 do 
not react with methanolic base. A bridgehead alcohólate function is required to enforce C-C 
bond scission and give homoketonization. Such an enolate is readily formed by basic 
methanolysis of the bridgehead acetate 33. As has been reported in the preceding chapter, mild 
removal of the electron-withdrawing N-substituent leads to a bridgehead amine that immediately 
undergoes selective cage opening to form tetracyclic diketone 36 after hydrolysis. This 
behavior of 4-amino-l,3-bishomocubanones is similar to that of the corresponding alcohol or 
alcohólate and is caused by the strong electron-donating ability of the amino function. 
Gas phase thermolysis applying the Flash Vacuum Thermolysis technique could only be 
applied for 33, 41 and 58 as the amides 59-63 lacked the required volatility. Again the 4-
methoxy-l,3-bishomocubanone 41 gave a selective and efficient cage-opening reaction to 
afford methoxy triquinane 46 (X=H) already at temperatures at about 325°C and p=3xl0~2 
mbar. In sharp contrast, the 4-acetoxy analogue 33 did not show any reaction up to 750°C. 
Also the 4-methyl derivative 58 appeared to be much more stable than the methoxy analogue 
but less stable than the acetate 33. At 750°C an almost complete but rather unselective 
transformation was observed leading to three major products viz. dicyclopentadiene 49, the 
dimer of 3-methyl-cyclopentadienone 69 and polycyclic lactone 68. These first two products 
which are actually the main products can be readily explained by assuming a [π 2 +π 2 ]-
cycloreversion to the photoprecursor 66, whereas the lactone 68 is most likely a radical derived 
oxidation product. The absence of any triquinane type product can be rationalized by the 
assumption that for an initial C4-C5 bond scission the presence of a bridgehead oxygen, that 
allows considerable capto-dative stabilization of the intermediate biradical, is a prerequisite. It 
should be noted that an ionic process, which is possibly initiated on the quartz beads can not 
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completely be excluded. If such a process plays a major role the ability of the methoxy group to 
form an oxonium ion may be decisive for the observed product selectivity. Obviously, such a 
relatively stable oxonium ion can not be formed in case of the 4-methyl-l,3-bishomocubanone 
58. Interestingly, the formation of 66 can be satisfactorily explained by initial C3-C4 bond 
scission which leads to the thermodynamically most stable half cage intermediate. Subsequent 
C2-C5 bond scission then affords tricyclodecadienone 66. 
The thermal stability of the amides 59-63 was explored in boiling o-dichlorobenzene 
and heating led in all cases to annelated cyclopentenones 73-77 with moderate to good 
selectivity. The formation of these cyclopentenones can be rationalized by initial formation of 
triquinane-type structures 79 which under these static thermolytic conditions are apparently not 
stable but rapidly undergo a cyclobutene ring opening to afford the isolated products 73-77. 
This thermal behavior of amides 59-63 is similar to that of 4-methoxy-l,3-bishomocubanone 
41. However, the subsequent cyclobutene ring opening to give the corresponding dienes 73-
77 has never been observed for the methoxy-substituted inquinane 46 (X=H). These annelated 
cyclopentenones 73-77 are novel structures which offer interesting perspectives for further 
synthetic elaboration. 
In some preliminary experiments 4-substituted 1,3-bishomocubanones 33, 41 and 58 
were also subjected to static thermolysis in boiling toluene (111°C) applying RI1/AI2O3 as a 
heterogeneous catalyst. Both the methoxy- and methyl-substituted bishomocubanones 41 and 
58 rapidly undergo a cationic type rearrangement to cuneane-type structures 72a and 72b, 
respectively, with moderate selectivity. The corresponding acetoxy analogue 33 did not react at 
all, not even in boiling o-dichlorobenzene (180°C). These results show that effective insertion 
of rhodium in the cage structure is only possible if electron-releasing substituents are present. 
This finding agrees with literature reports2c,d-6e>9a·28-33 on rhodium and silver insertion in 
cubane-type cage structures. 
From a synthetic point of view most of the cage opening reactions described above are 
not generally applicable. Only when relatively strong electron-releasing groups are present, 
such as a methoxy or an amide functionality, cage opening is usually a fast and selective 
reaction. In particular the bridgehead-nitrogen substituted 1,3-bishomocubanones offer 





Melting points were measured with a Reichert Thermopan microscope and are uncorrected IR spectra 
were taken on a Perkin Elmer 298 infrared spectrophotometer FT-IR spectra were determined on a Biorad WIN 
IR FTS-25 spectrophotometer Ή- and 13C-NMR spectra were recorded on a Bruker AM-400 and a Bruker AC-
100 at T=298K unless stated otherwise Chemical shifts are reported relative to Me4Si For mass spectra a 
double focussing VG 7070E mass spectrometer was used GC-MS spectra were run on a Vanan Saturn 2 
benchtop GC-MS ion-trap system Separation was earned out on a fused-sihca capillary column (DB-S, 30m χ 
0 25mm) Helium was used as a carrier gas, and electron impact (EI) was used as ionization mode GLC was 
conducted with a Hewlett-Packard HP5890II gas Chromatograph, using a capillary column (HP1,25m χ 0 31mm 
χ 0 17цт), a temperature program from 100-250°C at 15°C/min followed by 10 min at 250°C (isothermal), and 
nitrogen at 2 mL/min (0 S atm) as the camer gas 
Flash chromatography was earned out at a pressure of ca 15 bar, using Merck Kieselgel 60H Column 
chromatography at atmospheric pressure was performed, using Merck Kieselgel 60 Thin layer chromatography 
(TLC) was earned out on Merck precoated silicagel 60 F254 plates (0 25 mm) using the eluents indicated Spots 
were visualized with UV, iodine or a molybdate spray Solvents were dried using the following methods 
dichloromethane and hexane were distilled from СаНг, diethyl ether was distilled from NaH, ethyl acetate was 
distilled from potassium carbonate, toluene was distilled from sodium, THF was distilled from lithium 
aluminum hydride just before use All other solvents were of analytical grade 
General procedure for the thermolysis of amino cages 59-63 
About 0 4 mmol 4-amino-substituted 1,3-bishomocubanones 59-63 was dissolved in o-dichlorobenzene (25 
mL) This solution was heated under reflux The conversion was followed by TLC- and GLC-analysis After 
completion the solvent was evaporated in vacuo and the residue purified by column chromatography 
4-Methoxypentacyclo[5 3 0 02·5 03·9 04·8 ]decan-6-one (41) 
All glassware was nnsed with ammonia and dned before use A solution of 6 5 ^ (1 96 g, 11 1 mmol) in toluene 
(200 mL) containing 2 mL of ammonia (aq ) was irradiated for 72 h with a high pressure mercury vapor 
immersion lamp After completion of the reaction, the solvent was evaporated m vacuo, the residue washed with 
10% KOH (aq ) and extracted with CH2CI2 (Эх) The combined organic fractions were extracted with water (lx) 
and bnne (lx), dned over Na2SÛ4 and concentrated m vacuo Kugelrohr-distillation (73°C, 0 5 mmHg) afforded 
pure 41 as a colorless oil in 67% yield (1 32 g) 
Analytical data were in agreement with literature66 
4-Methylpentacyclo[5 3 0 O2·5 O3·9 0*¿]decan-6-one (58) 
A solution of 66-" (0 60 g, 3 8 mmol) in toluene (200 mL) was irradiated for 18 h with a high pressure 
mercury vapor immersion lamp After completion of the reaction, the solvent was evaporated in vacuo Column 
chromatography yielded pure 58 (0 51 g, 85%) 
Analytical data were in agreement with literature33 
3-Methoxytncyclo[5 3 0 0*-5]аеса-3,8 dien-10-one (46 (X=H)) 
4-Methoxy-l,3-bishomocubanone 41 (52 mg, 0 30 mmol) was subjected to Flash Vacuum Thermolysis 
(T=325°C, p=3xl0"2 mbar) with the quartz tube filled with glass beads The substrate was pre-heated at 100°C 
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and the product trapped at -78°C After warming to room temperature the trap was nnsed with CH2CI2 GLC-
analysis revealed the presence of 7% of starting material together with 90% of 46 (X=H) Removal of the 
solvent furnished 50 mg (0 28 mmol, 96% mass balance) of the isolated mixture An analytically pure sample of 
46 (X=H) (42 mg, 80%) was obtained by column chromatography (».hexane ethyl acetate = 3 1) 
Analytical data were m agreement with literature^ 
5-Methyl-6-oxa-pentacyclo[6 3 0 02·4 03·10 05·9 Jundecan-7-опе (68) 
4-Melhyl-l,3-bishomocubanone 58 (50 mg, 0 31 mmol) was subjected to Flash Vacuum Thermolysis 
(T=750°C, p=2xl0' 2 mbar) The substrate was pre-heated at 50°C and the product trapped at -78°C After 
warming to room temperature the trap was nnsed with CH2CI2 GLC-analysis revealed the presence of 10% of 
starting material and 14% of 68 In addition, 36% of 69 and 28% of 49 were formed Removal of the solvent 
furnished 35 mg (0 22 mmol, 70% mass balance) of the product mixture Pure 68 (7 mg, 14%) was obtained by 
column chromatography (n. hexane ethyl acetate = 3 1) It slowly solidified upon storage at -20°C 
Mp 93-96°C, Ή-NMR (400 MHz, C6D6, ppm) δ 2 28 (m, IH, H)), 2 21 (ddd, 3J=8 0 Hz, 3J=3 2 Hz, 4J=1 3 
Hz, IH, Hg), 2 03 (m, IH, Ню), 1 89 (br dd, 3J=5 8 Hz, 3J=7 4 Hz, IH, H9), 1 63 (dt, 2J=9 1 Hz, 3J=1 7 Hz, 
IH, Нца), 1 56 (m, IH, H3), 1 39 (m,lH, H4), 1 20 (dl, 2J=9 1 Hz, 3J=2 1 Hz, IH, H l l s ) , 1 18 (s, 3H, 
CÜ3), 1 06 (m, IH, H2), 13C-NMR (100 MHz, CDCI3, ppm) δ 176 2 (s, C7), 95 6 (s, C5), 55 1 (t, C] 1), 
53 7 (d, C9), 52 9 (d, Cg), 42 8 (d, Сю), 38 6 (d, C4), 36 9 (d, Ci), 33 8 (d, C3), 23 6 (d, C2), 22 б (q, ÇH3), 
IR (CH2CI2, cm 1 ) ν 2970 (C-Η, sat ), 2865 (C-Η, sat ), 1775 (C=0, lactone), GC/MS (El, m/z) 177 (M+ + 
H), 132 (M+ - CO2), 117 (M+ - CO2 - CH3), HRMS/EI m/z calculated for Ci 1H12O2 176 0836 amu Found 
176 08382ІЛ 00084 amu 
5,5 Dimethyl-endo-tncyclolS 2 1 ^ ¡deca-^S-dienS.W-dione (69) 
4 Methyl-1,3-bishomocubanone 58 (153 mg, 0 96 mmol) was subjected to Flash Vacuum Thermolysis 
(T=700°C, p=2xl0 -2 mbar) The substrate was pre-heated at 50°C and the product trapped at -78°C After 
warming to room temperature the trap was rinsed with CH2CI2 GLC-analysis revealed the presence of 35% of 
starting material and 29% of 69 In addition, 10% of 68 and 19% of 49 were formed Removal of the solvent 
furnished 104 mg (0 65 mmol, 68% mass balance) of the product mixture Pure 69 (34 mg, 38%) was obtained 
by column chromatography (n hexane ethyl acetate = 3 1) as a white solid 
Mp 84-86°C, 'H-NMR (400 MHz, CDCI3, ppm) δ 6 08 (s. IH, H4), 5 97 (dd, 3J=3 6 Hz, 3J=1 3 Hz, IH, 
H9), 3 33 (m, 2H, H, and Нб), 3 08 (d. 3J=4 5 Hz. IH, H7), 2 92 (t, 3J=5 6 Hz, IH, H2), 2 11 (s, 3H, 
С5СЦ3). 1 77 (s, 3H, CgCHj), 13C-NMR (25 MHz, CDCI3, ppm) δ 206 6 (s, C3), 198 7 (s, C1 0), 175 0 (s, 
C5), 138 7 (s, Cg), 136 7 (d, C9), 123 1 (d, C4), 53 3, 50 1, 45 5 and 44 6 (d, C), C2, C 6 and C7), 18 5 and 
18 2 (q, С_Нз), IR (CCI4, cm"1) ν ЗОЮ (С H, unsat ), 2910 (C-Η, sat ), 1790 (C]o=0), 1705 (Сз=0), 1620 
(C=C), GC/MS (El, m/z) 189 (M+ + H), 160 (M+ - СО), 145 (M+ - СО - CH3), 117 (M+ - 2xCO - CH3), 
HRMS/EI m/z calculated for C12H12O2 188 0837 amu Found 188 08376±0 0009 amu 
1-MethoxypentacycloH 4 0 02 '° O3·8^·7']decan-4-one (72a) 
5% RI1/AI2O3 (500 mg) was added to a solution of 4-methoxy-l,3-bishomocubanone 41 (198 mg, 1 1 mmol) 
in toluene (20 mL) This suspension was heated at reflux for 15 h The reaction was followed by TLC (л hexane 
ethyl acetate = 3 1) and GLC-analysis After completion the solution was filtered over a path of hyflo and 
concentrated in vacuo Pure 72a was obtained by column chromatography (n hexane ethyl acetate = 3 1) as a 
yellowish oil (45 mg, 23%) 
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Ή-NMR (400 MHz, CDCI3, ppm) δ 3 39 (s, ЗН, ОСНз), 2 78 (q, 3J=5 1 Hz, IH), 2 30 (t, 3J=5 1 Hz, IH), 
2 06 (m, 3H), 1 96 A of AB (d, 3J=11 6 Hz, IH, H9), 1 88 (m, 2H), 1 63 (m, IH), 13C-NMR (100 MHz, 
CDCI3, ppm) δ 213 6 (s, C 4), 59 6 (s, C\), 55 1 (q, OÇH3), 47 0, 37 3, 35 4, 32 4, 25 9, 25 2 and 23 9 (d, 
C2 , C3, C5, Ce, C7, C8 and Cm), 31 6 (t. C9), IR (CCI4, cm"1) ν 2960 (C-Η, sat ), 1725 (C=0), GC/MS 
(El, m/z) 176 (M+), 161 (M+ - CH3), 148 (M+ - CO), 133 (M+ - CO - CH3), 117 (M+ - CO - OCH3), 105 
(CgHç), 91 (C 7H 7 +) , 77 (СбН5+), HRMS/EI m/z calculated for С ц Н і 2 0 2 176 0837 amu Found 
176 08382±0 00084 amu 
l-Methylpentacyclo[4 4 0 02·10 O3-8*)5·7]decan-4-one (72b) 
5% Rh/Al203 (150 mg) was added to a solution of 4-methyl-l,3-bishomocubanone 58 (48 mg, 0 3 mmol) in 
toluene (10 mL) This suspension was heated at reflux for 22 h The reaction was followed by TLC (л hexane 
ethyl acetate = 6 1) and GLC-analysis After completion the solution was filtered over a path of hyflo and 
concentrated in vacuo Pure 72b was obtained by column chromatography (n hexane ethyl acetate = 6 1) as a 
colorless oil (18 mg, 38%) 
Analytical data were in agreement with literature33 
N-Benzyl-N-acetyl-8 (I'-vinylamino)bicyclo[3 3 0/octa 3,7-dien 2-one (73) 
Following the general procedure, amino cage compound 59 (0 15 g, 0 51 mmol) was heated at reflux for 3 h 
Repetitive purification by column chromatography (ethyl acetate methanol =10 1) resulted in the isolation of a 
yellow oil, consisting of a mixture of 2 compounds m a 3 2-ratio (105 mg, 70%) 
According to the very characteristic peak pattern at 7 55 ppm it can be concluded that compound 73 was 
obtained 
N-Benzyl-N-methyloxycarbonyl-8-(l '-vinylamino)bicycIo[3 3 0]octa-3,7-dien-2-one (74) 
Following the general procedure, amino cage compound 60 (0 09 g, 0 29 mmol) was heated at reflux for 28 h 
Repetitive purification by column chromatography (л hexane ethyl acetate = 1 1 ) resulted in the isolation of a 
yellow oil, consisting of a mixture of 2 compounds in a 5 2-ratio (61 mg, 68%) 
According to the very characteristic peak pattern at 7 52 ppm it can be concluded that compound 74 was 
obtained 
N-Benzyl-N-phenylacetyl 8-(l' vinylammo)btcyclol3 3 0]octa-3,7-dien-2-one (75) 
Following the general procedure, amino cage compound 61 (0 19 g, 0 51 mmol) was heated at reflux for 21 h 
Pure 75 (93 mg, 49%) was obtained by column chromatography (л hexane ethyl acetate = 1 1 ) as a yellow oil 
Ή-NMR (400 MHz, CDCI3, ppm, T=263 Κ) δ 7 55 (m, IH, H 4), 7 2 (m, ЮН, АгН). 6 07 (s, IH, Н3), 5 88 
(brd, 2J=18 5 Hz, IH, H 2 ) , 5 44(s, IH, H7), 5 29-5 09 (m, IH, NCH2Ph), 4 84 (br d. 2J=23 3 Hz, IH, H 2 ) , 
3 8 (m, IH, NCIfcPh), 3 75 (m, IH, H5), 3 57 (m, 2H, Hi and NCOCH2Ph), 3 41 (m, IH, NCOCÜ2Ph), 
2 68 A of AB (m, IH, He), 2 24 В of AB (m, IH, H 6), 13C-NMR (100 MHz, CDCI3, ppm) δ 207 0 (s, C2), 
170 7 (s, NCO), 165 5 (d, C 4), 141 1 and 137 7 (s, C 8 and Cr), 137 4 (s, ArCi), 135 8 (s, Аг£,), 132 0 and 
130 2 (d, C3 and C7), 129 5-126 4 (d, lOxArÇJ, 120 2 (t, C2·). 55 7 (d. Ci or C5), 50 8 (t, NC_H2Ph), 45 1 (d, 
C) or C5), 43 5 (t, NC(0)£H2Ph), 35 4 (l, C6), IR (CH2C12, cm"1) ν ЗОЮ (C-Η, unsat ), 2920 (C-Η, sat ), 
1700 (NC=0), 1655 (C=0), MS (El, m/z) 369 (M+), 278 (M+ - CH2Ph), 250 (M+ - C(0)CH2Ph), 91 
(C 7 H 7 + ) , HRMS/EI m/z calculated for C 2 5 H 2 3 N 0 2 369 17288 amu Found 369 17273±0 00071 amu 
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N Benzyl-N benzyloxycarbonyl-8-(l'-vinylamino)bicyclo[3 3 0]octa-3,7 dien 2 one (76) 
Following the general procedure, amino cage compound 62 (0 14 g, 0 36 mmol) was heated at reflux for 28 h 
Pure 76 (75 mg, 54%) was obtained by column chromatography (n hexane ethyl acetate =1 1 ) as a yellow oil 
'H-NMR (400 MHz, CDCI3, ppm) δ 7 46 (m, IH, H4), 7 2 (m, ЮН, АгЦ). 6 00 (d, 3J=4 2 Hz, IH, H3), 
5 76 (s, IH, H7), 5 5 5 0 (m, 4Н, OÇ_H2 and Н2 ), 4 57 (br s, 2Н, Ν£Η 2), 3 64 (br s, IH, H] or H5), 3 54 
(br s, IH, Hi or H5), 2 63 A of AB (m, IH, H6), 2 20 В of AB (d, 2J=18 3 Hz, IH, H6), I3C-NMR (100 
MHz, CDCI3, ppm, T=263 Κ) δ 207 2 (s, C2), 165 0 (d, C4), 154 4 (s, NCO), 141 1 and 138 0 (s, Cg and 
Ci ), 137 6 (s, ArCj), 136 6 (s, ArCJ, 131 9 (d, C3 or C7), 129 0-128 0 (d, lOxArCJ, 127 3 (d, C3 or C7), 
117 0 (t, C 2 ), 67 0 (t, 0 £ H 2 ) , 55 9 (d, Ci or C5), 53 1 (1, NC_H2Ph), 45 0 (d, Ci or C5), 35 3 (t, C6). IR 
(CH2C12, cm ·) ν ЗОЮ (C-Η, unsal ), 2960 (С H, sal ), 1710 (br, C=0), MS (EI, m/z) 386 (M+ + Η), 294 
(M+ - CH2Ph), 251 (М+ - C(0)OCH2Ph + Η), 91 (C 7H 7 +), HRMS/EI m/z calculated for C 2 5 H 2 3 N 0 3 
385 1678 amu Found 385 1675±O0011 amu 
N Benzyl N methylsulfonethyloxycarbonyl-8-(l'-vinylammo)bicyclo[3 3 OJocta 3.7-dien-2-one (77) 
Following the general procedure, amino cage compound 63 (0 17 g, 0 42 mmol) was heated at reflux for 28 h 
Pure 77 (85 mg, 50%) was obtained by column chromatography (n hexane ethyl acetate = 1 3) as a yellow oil 
Ή NMR (400 MHz, CDCI3, ppm, T=307K) δ 7 47 (dd, 3J=5 7 Hz, 3J=2 7 Hz, IH, H4), 7 2 (m, 5H, АгИ). 
5 98 (dd, 3J=5 7 Hz, 3J=1 6 Hz, IH, H3), 5 74 (s, IH, H7), 5 41 (br s, IH, H2), 4 89 (br s, IH, H 2), 4 5 (m, 
4H, N£H2 and OÇ_H2), 3 63 (m, IH, Hi or H5), 3 44 (br s, IH, Hi or H5), 3 13 (br s, 2H, CH2S02), 2 73 (s, 
3H, СНз), 2 64 A of AB (m, IH, Н
б
), 2 23 В of AB (m, IH, H6), I3C-NMR (100 MHz, CDCI3, ppm, 
T=307 Κ) δ 206 8 (s, C2), 165 4 (d, C4), 154 4 (s, NC.O), 141 1 and 137 3 (s, Cg and Ci ), 137 1 (s, ArC.,), 
131 7 (d, C3 or C7), 129 0, 128 8 and 128 6 (d, ArCJ, 127 5 (d, C3 or C7) 118 2 (t, C 2 ), 59 4 (t, 0 £ H 2 ) , 
55 8 (d Ci or C5), 54 3 (t, C_H2S02), 53 0 (t, NQH2Ph), 45 0 (d, C] or C5), 42 1 (q, вОгСНз), 35 2 (t, C6), 
IR (CH2C12, cm ') ν ЗОЮ (C-Η, unsat ), 2920 (C-Η, sat ), 1700 (br, C=0), 1405 (C-N), 1315 (sulfon), MS 
(EI, m/z) 401 (M+), 310 (M+ - CH2Ph), 250 (M+ - Msc), 91 (C7H7+), HRMS/EI m/z calculated for 
C 2 i H 2 3 N 0 5 S 401 1297 amu Found 401 1297±0 0012 amu 
6.7 Flash Vacuum Thermolysis: set-up and procedure 
The Flash Vacuum Thermolysis (FVT) apparatus, as developed in the Laboratory of 
Organic Chemistry of the Nijmegen University, is schematically depicted in Fig 6 6 
The pyrex bulb contains the substrate This bulb may be heated in order to bring the 
substrate into the gas phase applying a sublimation oven (Buchi TO 50) A gas inlet tube for 
camer gas completes the sampling unit. All connections are Rotulex cups and balls The earner 
gas flow (1 с nitrogen) and the pressure m the system are controlled by means of needle valves 
near the manometer and the sample flask The sample flask is connected to the quartz oven tube 
with an internal diameter of 16 mm and a length of 18 cm in which the actual thermolysis takes 
place The oven tube is heated by a Heraeus BR 1 6/18 oven equipped with a Heraeus RK 42 
control unit The tube is connected directly to the cold finger where the products are condensed 
and collected At the other side of the receiving cooler the manometer to measure the pressure 
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and a double cold trap system which protects the vacuum pump (Edwards, E2M8) are 
connected. 
Fig. 6.6 
A typical FVT experiment is started by bringing the thermolysis oven to the desired 
temperature and transferring the substrate in the sample flask. This flask is equipped with either 
a gas inlet tube or a stopper, depending on the volatility of the substrate, and then connected to 
the quartz oven tube. After evacuation of the system, the receiving cooler is filled with 
CC>2/acetone or liquid nitrogen and the sublimation oven is heated in order to effect a slow 
evaporation or sublimation of the substrate. During the reaction the pressure can be controlled 
via both valves. Optimum conditions for each compound can be found by varying the 
thermolysis and sublimation temperature, the pressure and the flow rate of the carrier gas. After 
completion of the reaction, the vacuum system is isolated from the thermolysis unit by closing 
the valve at the manometer. The right part of the FVT set-up is allowed to return to atmospheric 
pressure by purging with nitrogen. The receiving cooler is disconnected and immediately closed 
with rubber stoppers. The cold finger is then allowed to attain room temperature, the product is 





' Eaton, Ρ E , Ed , Synthesis of Non Natural Products Challenge and Reward, Tetrahedron Symposia-in-
Pnnt Number 26, Tetrahedron. 1986,42, 1549-1915 
2
 (a) Greenberg, A , Liebman, J F Strained Organic Molecules, Vol 38 of Organic Chemistry - A senes of 
monographs, Wasserman, H H (Ed ), Academic Press New York 1978 (b) Marchand, A Ρ in Advances 
in Theoretically Interesting Molecules, Thummel, R Ρ (Ed ), JAI Press London 1989, 357-397 (e) 
Griffin, G W , Marchand, A Ρ Chem Rev , 1989, 89, 997-1010 (d) Marchand, A Ρ ibid, 1989, 89, 
1011-1033 
3 Marchand, A Ρ Stereochemical Applications of NMR Studies in Rigid Btcyclic Systems, Verlag 
Chemie Deerfield Beach, FL, 1982 
4
 (a) Cole, Τ W , Jr , Mayers, С J , Stock, L M J Am. Chem Soc, 1974, 96, 4555 (b) Edward, J Τ , 
Farell, Ρ G , Langford, G E ibid, 1976, 98, 3075, 3085 (с) Edward, J Τ , Farell, Ρ G , Langford, G E 
J Org Chem, 1977, 42, 1957 
^ (a) Marchand, Α Ρ , Huang, С , Kaya, R , Baker, A D , Jemmis, E D , Dixon, D A / Am. Chem Soc , 
1987,109, 7095 (b) Depré, H L E PhD Thesis, University of Nijmegen, The Netherlands, 1994 
6 For some examples see (a) Cookson, R С , Crundwell, E , Hudec, J Chem Ind (London), 1958, 
1003 (b) Cookson, R С , Crundwell, E , Hill, R R , Hudec, J J Chem Soc , 1964, 3062 (c) Engler, 
E M , Andose, J D , Schleyer, P R von У Am Chem Soc , 1973, 95, 8005 (d) Osawa, E , Aigami, 
К , Inainolo, Y J Chem Soc, Perkin Trans 2, 1979, 181 (e) Klunder, A J H , Anaans, G J A , ν d 
Loop, E A R M , Zwanenburg, В Tetrahedron, 1996,42, 1903-1915 (f) Zwanenburg, В , Klunder, 
A J Η Strained Cage Systems In Strain and its Implications m Organic Chemistry, Meijere, A De, 
Blechert, S (Eds ), Kluwer Academic Publishers Amsterdam 1989, 405-429 (g) Klunder, A Ι Η , 
Zwanenburg, В Chem Rev, 1999, 89, 1035-1050 (h) Marchand, A Ρ Synlett, 1991, 73-79 (ι) 
Osawa, E , Yonemitsu, Ο (Eds ) Carbocyclic Cage Compounds, VCH Publishers New York 1992 (j) 
Eaton, Ρ E Angew Chem, Int Ed Engl, 1992, 31, 1421 (к) Dilling, W L Recent Advances in 
Selected Aspects of Bishomocubane Chemistry In Carbocyclic Cage Compounds, Osawa, Ε , 
Yonemitsu, О Eds , New York VCH Publishers, 1992, 249 (1) Zwanenburg, В , Klunder, A J Η in 
Advances in Theoretically Interesting Molecules, Vol 2, Halton, В (Ed ), JAI Press London 1992, 57 
(m) Ogino, Τ , Wada, F , Kaneko, S Tetrahedron Lett, 1995, 36, 6523 
' Woodward, R В , Hoffmann, R The Conservation of Orbital Symmetry, Verlag Chemie Weinheim 
1970 
8
 (a) Mehta, G , Reddy, A V , Snkrishna, A Tetrahedron Lett, 1979, 20, 4863 (b) Mehta, G , 
Snkrishna, A , Reddy, A V , Nair, M S Tetrahedron, 1981, 25, 4543-4559 (с) Mehta, G , Reddy, A V 
J Chem Soc, Chem Commun , 1981, 756 (d) Mehta, G , Reddy, A V , Murty, A N , Reddy, D S 
ibid, 1982, 540 (e) Mehta, G J Chem Educ , 1982, 57, 313 (f) Mehta, G , Reddy, D S , Murty, 
AN ƒ Chem Soc, Chem Commun, 1983, 824 (g) Mehta, G , Murty, A N ibid, 1984, 1058 (h) 
Mehta. G , Nair, M S J Am Chem Soc, 1985,107, 7519 (ι) Mehta, G , Murty, A N , Reddy, D S , 
Reddy, A V ibid , 1986, 108, 3443 0) Mehta, G , Reddy, A V , Snkrishna, A J Chem Soc, Perkin 
Trans I, 1986, 291 (к) Mehta, G , Reddy, К R Tetrahedron Lett, 1988, 29, 5309 
9
 (a) Klunder, A J H , Anaans, G J A , Zwanenburg, В Tetrahedron Lett, 1984, 25, 5457-5460 (b) 
Griesbeck, A G , J prakt Chem , 1993 335, 489 502 
1 0
 (a) Mehta, G J Sei Ind Res (India), 1978, 37, 256 (b) Paquette, L A Topics in Current Chemistry, 
1979, 79, 41-165 (с) Eaton, P E Tetrahedron, 1979,35, 2189 (d) Paquette, L A Topics in Current 
Chemistry, 1984,119, 1-158 
1
 ' (a) Ohta, Y , Andersen, Ν H , Liu, С -В Tetrahedron, 1977, 33, 617 (b) Zalkow, L H , Hams, R Ν , 
van der Veer, D , Bertrand, J A J Chem Soc, Chem Commun 1980, 420 (с) Bohlmann, F , 
Jakupovic, J Phytochemistry, 1980,19, 259 (d) Corbe«, R E , Lauren, D R , Weavers, R Τ У Chem 
Soc, Perkin Trans /,1979, 1774 (e) Domínguez, K A , Cano, G , Franco, R , Villareal, A M , 
Watson, W H , Zabel, V Phytochemistry, 1980, 19, 2478 (f) Kaneda, M , Takahashi, R , Iitaka, Y , 
Shibata, S Tetrahedron Lett, 1972, 13, 4609 
1 2
 (a) Sheikh, Y M , Singy, G , Kaisin, M , Eggert, H , Djerassi, С , Tursch, В , Daloze, D , Braeckman, 
J С Tetrahedron, 1976, 32, 1171 (b) Kaisin, M , Sheikh, Y M , Durham, L J , Djerassi, С , Tursch, 
В , Daloze, D , Braeckman, J С , Losman, D , Karlsson, R Tetrahedron Lett, 1974, 15, 2239 
1 3
 (a) Martin D G , Slomp, G , Mizsak, S , Duchamp, К J , Chidester, С G Tetrahedron Lett, 1970, 11, 
4901 (b) Comer, F W , McCapra, F , Qureshi, I H , Scott, A I Tetrahedron, 1967, 23, 4761 (с) Shuji, 
Τ , Naganawa, Η , Iinuma, Η , Takita, Τ , Umezawa, Η Tetrahedron Lett, 1971, 12, 1955 (d) 
Nakamura, Η , Takila, Τ , Umezawa, Η , Mamoru, Κ , Yuga, Ν , Iitaka, Y J Antibiot, 1974, 27, 
-131-
Chapter 6 
301 (e) Nozoe, S , Furukawa, J , Sankawa, U , Shibala, S Tetrahedron Lett, 1976, 17, 195 (0 
Ramen, R L , Calton, G J ibid , 1978,19, 499 
1 4
 (a) Mehta, G , Rao, К S Tetrahedron Lett, 1983, 24, 809 (b) Mehta, G , Rao, К S , Marchand, A Ρ , 
Kaya, R J Org Chem , 1984,49, 3848 (c) Mehta, G , Rao, К S ibid, 1985,50, 5537 (d) Wenkert, 
E , Yoder, J S ibid, 1980, 35, 2986 
1 5
 (a) Toyne, К J У Chem Soc, Perkin Trans I, 1976, 1346 (b) Osawa, E , Schneider, I , Toyne, К J , 
Musso, H Chem Ber, 1986, 119, 2350 (с) Slober, R , Musso, H , Osawa, E Tetrahedron, 1986, 42, 
1757 
1 6
 (a) Chow, Τ J , Wu, Τ -К J Org Chem , 1988, 53, 1102 (b) Chow, Τ J , Feng, J -J , Shih, Η -J , 
Wu, Τ -К , Tseng, L -H , Wang, С -Y , Yu, С J Chinese Chem Soc , 1988, 35, 291 
1 7
 (a) Wersliuk, N H Tetrahedron, 1983, 39, 205 (b) Miller, R D , Dolce, D L Tetrahedron Lett, 1973, 
14, 1151 (с) Marchand, Α Ρ , Chou, Τ -С Tetrahedron, 1975,31, 2655 (d) Marchand, A Ρ , Chou, Τ -
С J Chem Soc, Perkin Trans 1, 1973, 1948 (e) Scherer, К V , Jr Tetrahedron Lett, 1972, 13, 
2077 (0 Mehta, G , Snknshna, A , Sun, S С , Nair, M S У Org Chem , 1983, 48, 5107 
1 8
 (a) Klunder, A J H , Zwanenburg, В Tetrahedron, 1972, 28, 4131 (b) Klunder, A J H , Zwanenburg, В 
ibid , 1973, 29, 161 (с) Klunder, A J Η , Zwanenburg, В ibid , 1973, 29, 1683 (d) Klunder, A J H , 
Zwanenburg, В ibid, 1975, 31, 1419 (e) Arts, N В M , Klunder, A J H , Zwanenburg, В ibid , 1978, 
34, 1271 (f) Klunder, A J Η , Zwanenburg, Β ibid , 1981, 37, 1601 (g) Klunder, A J H , Schellekens, 
J W M , Zwanenburg, В Tetrahedron Lett, 1982, 23, 2807-2810 (h) Klunder, A J H , De Valk, 
W С G M , Verlaak, J M J , Schellekens, J W M , Noordik, J H , Parthasarathi, V , Zwanenburg, В 
Tetrahedron, 1985, 41, 963-973 
' ° For a review, see Godleski, S A , Schleyer, PR von, Osawa, E , Wipke, W T Progr Phys Org 
Chem , 1981, 13, 63-117 
20 Fort, R С , Jr Adamantane, The Chemistry of Diamond Molecules, Marcel Dekker New York, 1976, 
and references cited therein 
2 1
 Mehta, G , Pandey, Ρ N , Usha, R , Venkatesan, К Tetrahedron Lett, 1976,17, 2093 
2 2
 Dekker, Τ G , Oliver, D W , Venter, A Tetrahedron Lett, 1980, 21, 3101, and references cited therein 
2 3
 Mehta, G , Snknshna, A Indian J Chem Sect Β , 1980,19, 997 
2 4
 (a) Ogino, Τ , Awano, К , Ogihara, Τ , Isogai, Κ Tetrahedron Lett, 1983, 24, 2781-2782 (b) Ogino, 
Τ , Awano, К , Ogihara, Τ , Isogai, Κ Chem Lett, 1984, 2023-2026 (с) Ogino, Τ , Awano, Κ Bull 
Chem Soc Jpn , 1986, 59, 2811 (d) Mehta, G , Snknshna, A J Chem Soc, Chem Commun, 
1982, 218 (e) Hamada, Τ , Iijirna, Η , Yamamoto, Τ , Numao, Ν , Нігао, Κ -Ι , Yonemitsu, Ο ibid , 
1980, 696 (f) Mehta, G , Reddy, D S , Reddy, A V Tetrahedron Lett, 1984, 25, 2275-2278 
2 5
 Okamoto, Y , Senokuchi, К , Kanematsu, К Chem Pharm Bull, 1985, 33, 3074-3076 
2 6
 Okamoto, Y , Senokuchi, К , Kanematsu, К Chem Pharm Bull, 1984, 32, 4593 
2 7
 (a) Viehe, H G , Merenyï, R , Stella, L , Janousek, Ζ Angew Chem Int Ed Engl, 1979, 18, 917-
932 (b) Viehe H G , Janousek, Ζ , Merenyï, R Ace Chem Res , 1985, 18. 148-154 (с) Crans, D , 
Clark, Τ , Schleyer, Ρ R von Tetrahedron Lett, 1980, 21, 3681 3684 (d) Arnold, D R , Yoshida, M / 
Chem Soc. Chem Commun , 1981, 1203-1204 (e) Stella, L , Pochât, F , Merenyï, R Nouv J 
Chem , 1981, 5, 55-59 (f) Arnold, D R , Wayncr, D D M , Yoshida, M Can J Chem , 1982, 60, 
2313-2320 (g) Dopp, D , Likera, H Tetrahedron Lett, 1983, 24, 885-888 (h) Okamoto, Y , 
Kanematsu, К , Fujiyoshi, Τ , Osawa, E ibid, 1983, 24, 5645-5648 
2 8
 (a) Paquette, L A , Ace Chem Res , 1971, 4, 280-287 (b) Bishop III, К С Chem Rev , 1976, 76, 
461-486 (с) Halpern, J In Organic Synthesis via Metal Carbonyls, Wender, I , Pino, Ρ , Eds , Wiley-
Interscience New York, 1977, Vol 2, pp 705-730 
2 9
 (a) Dauben, W g , Schallhom, C H , Whalen, OL· J Am Chem Soc , 1971. 93, 1446-1452 (b) 
Coliman, J Ρ Ace Chem Res , 1968, /, 136 (c) Halpern, J Ace Chem Res , 1970, 3, 376 (d) 
Halpern, J Adv, Chem Ser, 1968, No 70, I (e) Zlotogorski, С , Blum, J , Osawa, E , Schwarz, Η , 
Hohne, G J Org Chem , 1984, 25, 971-976 (0 Paquette, L A , Boggs, R A , Farnham, W B , 
Beckley, R S J Am Chem Soc , 1975, 97, 1112-1118 (g) Paquelle, L A , Boggs, R A , Ward, J S 
ibid, 1975, 97, 1118-1124 (h) Dauben, W G , Kielbania, A J , Jr ibid, 1971, 93, 7345-7347 
3 0
 Cassar, L , Eaton, Ρ E , Halpern, i J Am Chem. Soc , 1970, 92, 3515, 6366 
3 1
 (a) Koser, G F У Chem Soc , Chem Commun , 1971, 388 (b) Paquette, L A , Slowell, J С J Am 
Chem Soc , 1970, 92, 2584 (c) Paquette, L A , Stowell, J С ibid . 1971, 93, 2459 (d) Paquette, 
L A , Ward, J S , Boggs, R A , Farnham, W В ibid, 1975, 97, 1101-1112 (c) Byrd. J E , Cassar, Ь , 
Eaton, Ρ Ε , Halpern, J J Chem Soc, Chem Commun , 1971, 40 (0 Mehta, G , Raviknshna, Ch , 
132-
Cage-opening.. 
Ravikumar, К J Chem Soc, Chem Commun, 1994, 2321-2322 (g) Eaton, P E , Cerefice, S A 
ibid, 1970, 1494-1495 (h) Soha, M . Blum, J , Halpern, J J Am Chem Soc, 1979, 101, 2694-
2698 (i) Eaton, Ρ E , Patterson, D R ibid., 1978,100, 2573-2575 0) Wnsters, J , Brener, L , Pettit, 
R ibid, 1970, 92, 7499-7501 
3 2
 Luh, T-Y Tetrahedron Lett, WIT, IS, 2951-2952 
3 3
 Ogino, Τ , Awano, К , Fukazawa, Y J Chem Soc, Perktn Trans 2, 1990, 1735-1738 
3 4
 Van der Waals, A С L M PhD Thesis, University of Nijmegen, The Netherlands, 1997 
3 5
 Elliot, M , Harper, S H , Kazi, M A M c i Food Agnc, 1967, IS, 167-171 
3 6
 Krow, G R Tetrahedron, 1981.37, 2697-2724 
3 7
 (a) Dauben, W G , Buzzolini, M G , Schallhorn, С H , Whalen, D L , Palmer, К J Tetrahedron Lett, 
1970, 11, 787 (b) Paquette, L A Synthesis, 1975, 347 (с) Tumblom, E W , Katz, Ύ Ì J Am 





This thesis deals with the synthesis and exploration of various polycyclic compounds 
with the ultimate aim to use these structures as building blocks for biologically active 
molecules. Attention is particularly focused on enantioselective approaches to these polycycles. 
In the introductory Chapter 1 an overview is given of applications of the endo-
tricyclo[5.2.1.02'6]deca-4,8-dien-3-one system 1, which is the pivotal compound in all the 
studies described in Chapters 3-6. 
Fig. 1 
О 
1 2 3 
A major application of this tricyclodecadienone system 1 is its use as a synthon for a large 
number of naturally occurring cyclopentanoids, e.g. kjellmanianone 2. This approach to 
cyclopentanoids makes strategic use of the fact that the tricyclodecadienone system 1 formally 
can be considered a cyclopentadienone in which one of the olefinic enone double bonds is 
masked in the crossed Diels-Alder adduct with cyclopentadiene. Group transformation reactions 
in the tricyclic system followed by a thermal retro-Diels-Alder reaction then leads to the desired 
cyclopentenoids. The intrinsic chirality of the tricyclodecadienone system can be utilized to 
achieve the enantioselective formation of this important class of cyclic enones. The endo-3-oxo-
dicyclopentadienone system 1 is also employed as photoprecursor in the synthesis of strained 
cage-type molecules such as 1,3-bishomocubanones 3. This synthetic route is based upon the 
generally facile intramolecular [it2+7t2]-photocyclization of the tricyclic system. Pentacyclic 
compounds 3 can be synthetically exploited in cage-opening and cage-rearrangements reactions 
as reported in Chapter 6. 
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Summary 
Chapter 2 deals with on the kinetic resolution of a series of simple Diels-Alder adducts 
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The enantioselectivity of the asymmetric dihydroxylation of these chiral cycloalkene esters 
appeared to be too low for a practical resolution as illustrated in Scheme 1 for bicycloheptene 4 
Interestingly, the reductive reconversion of the diol moiety to the originating alkene function 
can be performed efficiently without any loss of optical integrity 
Scheme 1 
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In Chapter 3 the enzymatic resolution of 5-hydroxytncyclodecadienone 14 and some 5-
substituted denvatives thereof is descnbed The enol 14 was prepared by a Diels-Alder reaction 
of cyclopenten-1,4-dione 12 with cyclopentadiene (Scheme 2) The resulting adduct 13 does 
not exist in its meso-symmetncal diketone form but is completely enolized The adduct actually 
consists of a racemic and rapidly equilibrating mixture of antipodes 14 and ent-14 The adducts 
14 have no C
s
-symmetry and therefore are formally not /nejo-compounds However, as a 
result of the very fast tautomeric equilibrium they in fact behave like a m«îo-compound and are 










The fast enantiomerization of 14 in principle allows a dynamic kinetic resolution, 
possibly leading to a high yield formation of a single enantiomer or diastereomer. Such a 
process can also be denoted as an asymmetric desymmetrization of a pseudo-meso compound. 
In order to effect such a dynamic kinetic resolution it was tried to esterify or etherify the 
tricyclic alcohol 14 in the presence of a lipase. Unfortunately, under a variety of conditions no 
reaction was observed. Alternatively, it was attempted to perform a classic enzymatic kinetic 
resolution of ester derivatives of 14 via transesterification. Disappointingly, the enantiomeric 
excess of the remaining tricyclic esters did not exceed 4%. These results led to the conclusion 
that an effective enzymatic (dynamic) kinetic resolution of 14 is impossible. 
Chapter 4 describes the synthesis of 5-amino-substituted tricyclodecadienones 15 
starting from the tricyclic enol 14. These tricyclic enaminones 15 can be prepared in a highly 
efficient manner using relatively high-boiling primary and cyclic secondary amines. Applying 
enantiopure chiral amines in this process, in principle can lead to a stereoselective formation of 
a single diastereomer because of the fast equilibration of 14 and its antipode ent-14. With (R)-
(+)-a-phenylethylamine this diastereoselectivity was not observed because both possible 











However, the use of L-prolinol or its methyl ether resulted in the formation of a diastereomeric 
pair of enaminones 15 in a 3:1-ratio, demonstrating the occurrence of a dynamic kinetic 
resolution with a 50% efficiency. This asymmetric desymmetrization of the pseudo-meso 
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adduct 14 is a novel and attractive alternative for the existing methodologies to obtain 
enantiopure tricyclodecadienones. An illustrative example is the preparation of the parent (+)-
ewdo-tricyclo[5.2.1.02'6]deca-4,8-dien-3-one 17 by carefully controlled reduction of 16 with 




2. 20% KOH (aq) 
cy = 7 1 % 
(+)-17 
е > 98% 
[OJD24 = +137° (c=1.05, MeOH) 
In Chapter 5 the photocyclization of tricyclic enaminones IS is reported. Initial attempts 
to obtain 4-amino-substituted 1,3-bishomocubanones by irradiation of the enaminones prepared 
in Chapter 4, however, did not meet with success. Unexpectedly, irradiation of tricyclic 
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instead of to the desired cage compounds. Efficient [;t2+jr2]-photocyclization could only be 
effected after introduction of electron-withdrawing groups at the nitrogen atom of the tricyclic 
enaminones (Scheme 5). These results suggest that in absence of an electron-withdrawing 
function the tricyclic enaminones are excited but can not cyclize due to a considerable electron 
delocalization in the enaminone moiety. Delocalization is less pronounced when an electron-
withdrawing group is present and therefore the photocyclization to cage compounds 21 can be 
effected. 
One of the electron-withdrawing auxiliaries that was succesfully used is the base-labile 
methylsulfonethyloxycarbonyl (Msc) amino-protecting group. Removal of this Msc-function 
from the corresponding cage compound 22 did not yield the expected bridgehead amine, but 
resulted in the formation of tetracyclic diketone 23 via a series of consecutive reactions 
(Scheme 6). Thus, starting from the pseudo-meso tricyclic enol 14 and applying (R)-(+)-cc-
phenylethylamine as the chiral auxiliary it was possible to prepare both enantiomers of the 
diketone 23, by the following sequence of events: chromatographic separation of the 
diastereomeric enaminones, introduction of the Msc-group, photocyclization to the cage 
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In Chapter 6 the cage-opening reactions of 4-substituted 1,3-bishomocubanones 21, 
22,24-26 (Fig. 3) are described. These reactions were enforced by treatment with acid, base, 
heat or a transition metal, respectively. The nature of the substituent has a strong governing 
effect on the cage-opening reactions. 
Acid treatment of 4-methoxy-l,3-bishomocubanone 25 yielded the linear triquinane 27, 
which was also obtained under Flash Vacuum Thermolysis (FVT)-conditions. Exposure of the 
corresponding methyl cage 24 to FVT-conditions, however, furnished the dimer of 3-
methylcyclopentadienone 28, dicyclopentadiene and cage lactone 29. No products having a 




both the methyl 24 and the methoxy cage 25 underwent a cage rearrangement leading to 
cuneane-type compounds 30. The 4-acetoxy-cage compound 26 did not react under these 
conditions. Acetoxy cage 26 only reacts in the presence of base, resulting in the quantitative 
Fig. 3 
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formation of tetracyclic diketone 23 via homoketonization of the intermediate bridgehead 
alcohólate. As expected the methyl- 24 and the methoxy cage 25 remained unaffected by base. 
Static thermolysis of 4-amino-substituted cages 21 in o-dichlorobenzene (T=180°C) yielded 
bicyclic trienes 31, which can be considered isomerization products of initially formed 










In conclusion, the research described in this thesis has led to a novel resolution process 
for tricyclo[5.2.1.02>6]decadienones 1 starting from tricyclic enol 14 and applying chiral 
amines in a dynamic kinetic resolution. The tricyclic enaminones 15 produced in this way offer 
interesting prospects for the synthesis of enantiomerically pure cubane-type cage compounds. 
Preliminary results indicate that bridgehead amino-substituted 1,3-bishomocubanones 21 are 
interesting building blocks for nitrogen containing cyclopentanoids. Such (annelated) 




In dit proefschrift worden de synthese en toepassingsmogelijkheden van een select 
aantal polycyclische verbindingen beschreven met als uiteindelijk doel dit type structuren te 
gebruiken als synthetische bouwsteen voor moleculen met een biologisch belang. Speciale 
aandacht wordt besteed aan de enantioselectieve bereiding van deze polycyclische moleculen. 
In het inleidende Hoofdstuk 1 wordt een overzicht gegeven van de toepassingen van het endo-
tricyclo[5.2.1.02-6]deca-4,8-diën-3-on systeem 1, dat de centrale verbinding is in het 
onderzoek dat beschreven wordt in de Hoofdstukken 3-6. 
Fig. 1 
H3CO. 
Een belangrijke toepassing van het tricyclodecadiënon systeem 1 is het gebruik als synthon 
voor een groot aantal natuurlijke cyclopentanoïden, zoals bijvoorbeeld kjellmanianon 2. Deze 
strategische benadering van cyclopentanoïden is gebaseerd op het besef dat het 
tricyclodecadiënon systeem 1 formeel beschouwd kan worden als een cyclopentadiënon waarin 
één van de dubbele bindingen van het enon-systeem gemaskeerd is door middel van een Diels-
Alder reactie met cyclopentadiëen. Groep-transformatie reacties in het tricyclische systeem 
gevolgd door een thermische retro-Diels-Alder reactie leiden tot de gewenste cyclopentenoïden. 
De intrinsieke chiraliteit van het tricyclodecadiënon systeem kan gebruikt worden om een 
enantioselectieve bereiding van deze belangrijke klasse van cyclische enonen te bewerkstelligen. 
Het елао-3-oxo-dicyclopentadiëen systeem 1 wordt ook toegepast als fotoprecursor in de 
synthese van gespannen kooi-achtige moleculen, zoals bijvoorbeeld 1,3-bishomocubanonen 3. 
Deze synthese-route maakt gebruik van de normaal gesproken eenvoudige intramoleculaire 
[7t2+7i2]-fotocyclisatie van het tricyclische systeem. Deze pentacyclische verbindingen kunnen 
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synthetisch toegepast worden in kooi-openings- en kooi-omleggingsreacties, zoals beschreven 
in Hoofdstuk 6 
Hoofdstuk 2 beschrijft de kinetische resolutie van een serie eenvoudige Diels-Alder 
adducten 4-10, gebruikmakend van de katalytische asymmetrische c«-dihydroxylenng zoals 




£Γ~ CT ¿Ь^ /Ь СХ^ 
C02Et c ° 2 E t C02R 
4(n = 1) 6 7 8(n = 1,R=Et) 10 
5 (η = 2) 9 (η = 2, R=Me) 
De enantioselectiviteit van de asymmetrische dihydroxylenng van deze cycloalkeen-esters blijkt 
te laag te zijn voor een praktische resolutie, zoals weergegeven is in Schema 1 voor 
bicyclohepteen 4 Het is daarentegen wel mogelijk om op efficiente wijze de diol-eenheid weer 
om te zetten in de originele dubbele binding via een reductieve procedure zonder dat daarbij de 
optische integriteit verloren gaat 
Schema 1 
C02Et . CC^Et 
C02Et C02Et 
ee=5-31% ee=11-76% 
(+)-(2S,3S)4 (-)-(2R,3R)4 (+) - (2S,3S,5R,6S) 11 (-) - (2R.3R) 4 
t 1 Ph2PCI, l2, imidazool, Δ 2 Zn, Δ 
opbrengst=90%, ee=5-31% 
AD K2Os02(OH)4, K3Fe(CN)6, К2СОз, CH3S02NH2, НгО / f BuOH, 
In Hoofdstuk 3 wordt de enzymatische resolutie van 5-hydroxytricyclodecadienon 14 
en enkele 5-gesubstitueerde derivaten beschreven Enol 14 wordt verkregen door een Diels-
Alder reactie van cyclopenteen-l,4-dion 12 met cyclopentadieen (Schema 2). Het resulterende 
adduct 13 bestaat niet daadwerkelijk in zijn meio-symmetrische diketon-vorm maar is volledig 
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geënoliseerd. Het adduct kan daarom worden opgevat als een racemisch mengsel van optische 
antipoden 14 en ent-14, die in een snel evenwicht met elkaar zijn. Deze adducten 14 hebben 
geen Cs-symmetrie en zijn dus geen mcio-verbindingen, maar ten gevolge van het zeer snelle 
tautomere evenwicht gedragen ze zich feitelijk als waren het mcio-verbindingen. Derhalve kan 











De snelle enantiomerisatie van 14 maakt, in principe, een dynamische kinetische 
resolutie mogelijk, die kan leiden tot de vorming van één enantiomeer of diastereomeer in 
kwantitatieve opbrengst. Een dergelijk proces kan dan ook gedefinieerd worden als een 
asymmetrische desymmetrisatie van een pseudo-meso verbinding. Om deze dynamische 
kinetische resolutie te bewerkstelligen werd getracht de tricyclische alcohol te veresteren dan 
wel te veretheren met behulp van een lipase. Onder verschillende reactiecondities werd echter 
geen enkele reactie waargenomen. Als alternatief werd gepoogd via omestering een klassieke 
enzymatische kinetische resolutie uit te voeren met enkele enolesters van 14. Helaas kwam de 
enantiomere overmaat van de resterende tricyclische esters in geen enkel experiment boven 4%. 
Deze resultaten leiden tot de conclusie dat een effectieve enzymatische (dynamische) kinetische 
resolutie van 14 niet mogelijk is. 
Hoofdstuk 4 beschrijft de synthese van 5-amino-gesubstitueerde tricyclodecadiënonen 
15, uitgaande van het tricyclische enol 14. Deze tricyclische enaminonen 15 kunnen op zeer 
efficiënte wijze bereid worden, gebruikmakend van relatief hoogkokende primaire en cyclische 
secundaire amines. Toepassing van enantiozuivere amines in deze synthese van tricyclische 
enaminonen kan in principe leiden tot een volledige stereoselectieve omzetting vanwege het 
evenwicht zoals weergegeven in schema 2. Met (R)-a-fenylethylamine echter leidt worden de 
beide mogelijke diastereomeren 15 verkregen in een l:l-verhouding, zodat hier dus geen 
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Wanneer daarentegen prohne-derivaten, met name L-prolinol, gebruikt worden, resulteert dit in 
de vorming van de diastereomere enaminonen 15a en 15b in een 3:1-ratio, hetgeen een 
dynamische kinetische resolutie met een efficiëntie van 50% inhoudt. Deze asymmetrische 
desymmetrisatie van het pseudo-meso adduct 14 is een innovatief en aantrekkelijk alternatief 
voor de bestaande methoden om enantiozuivere tricyclodecadiënonen te bereiden. Een mooi 
voorbeeld hiervan is de bereiding van (+)-e/u/o-tricyclo[5.2.1.02-6]deca-4,8-diën-3-on 17 door 





2. 20% KOH (aq) 
cy = 7 1 % 
OH 
16 [a\o = +137° (c=1.05, MeOH) 
In Hoofdstuk 5 wordt de fotocyclisatie van tricyclische enaminonen 15 beschreven. 
Pogingen om door bestraling van deze enaminonen, waarvan de synthese besproken is in 
hoofdstuk 4, 4-amino-gesubstitueerde 1,3-bishomocubanonen te bereiden faalden echter. In 
plaats van de gewenste kooiverbindingen leidde bestraling van tricyclische enaminonen 18 
volledig onverwacht tot een fotoreductie van de norbomeen dubbele binding, resulterend in de 
tricyclodecenonen 19. Een effectieve [7t2+7C2]-fotocyclisatie kan alleen worden bewerkstelligd 
door een electronenzuigende groep in te voeren op het stikstof-atoom van de tricyclische 
enaminonen (Schema 5). Deze resultaten suggereren dat in afwezigheid van een electronen­
zuigende groep de tricyclische enaminonen 18 wel aangeslagen worden, maar dat dit niet tot 
cyclisatie leidt als gevolg van een aanzienlijke electronendelokalisatie van de enaminon-eenheid. 
Deze delokalisatie wordt tegengewerkt door een electronenzuigende groep, waardoor in het 
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\ R' = CH3, OCH3, CH2Ph, OCH2Ph, OC2H4SO2CH3 
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Eén van de toegepaste electronenzuigende groepen is de methylsulfonylethyloxy-
carbonyl- (Msc) groep, welke een base-labiele amino-beschermgroep is. Verwijdering van deze 
Msc-groep van de aminokooi 22 leidt echter niet tot de verwachte bijbehorende kooiverbinding, 
maar resulteert na een cascade van reacties in de vorming van het tetracyclische diketon 23 






(+)-a-fenylethylamine als chirale hulpgroep konden beide enantiomeren van diketon 23 
worden verkregen door een aantal opeenvolgende stappen uit te voeren: chromatografische 
scheiding van de diastereomeren, invoering van de Msc-groep, fotocyclisatie tot de 
overeenkomstige kooiverbindingen en tenslotte behandeling met base teneinde de Msc-functie te 
verwijderen en de kooi-openingsreactie te bewerkstelligen. 
Hoofdstuk 6 beschrijft de kooi-openings reacties van 4-gesubstitueerde 1,3-
bishomocubanonen 21,22 en 24-26 onder invloed van zuur, base en overgangsmetalen. Ook 
is de thermische stabiliteit onderzocht. Hierbij is vooral de invloed van de bruggehoofd-
substituent bestudeerd. 
Fig. 3 
М О—Ч-\ AcO 
Behandeling van 4-methoxy-l,3-bishomocubanon 25 met zuur resulteert in de vorming 
van lineair triquinaan 27, dat eveneens verkregen wordt onder Flits Vacuum Thermolyse 
(FVT)-condities. Flits Vacuum Thermolyse van de overeenkomstige methylkooi-verbinding 24 
leidt daarentegen tot het dimeer van 3-methylcyclopentadiëen 28, dicyclopentadiëen en het 
kooilacton 29. Produkten met een triquinaanstructuur werden niet waargenomen. In 
aanwezigheid van rhodium op een vaste drager (nl. alumina) ondergaan zowel de methyl- 24 
als de methoxykooi-verbinding 25 een kooi-omleggingsreactie waarbij de cuneaan-achtige 
verbindingen 30. De 4-acetoxy-kooiverbinding 26 blijkt alleen te reageren in aanwezigheid van 
base, waardoor op kwantitatieve wijze tetracyclisch diketon 23 verkregen wordt via 
homoketonisatie van het tussentijds gevormde bruggehoofd-alcoholaat. Zoals verwacht zijn de 
methyl- 24 en methoxykooi-verbindingen 25 stabiel onder basische condities. Statische 
thermolyse van 4-amino-gesubstitueerde kooien 21 in o-dichloorbenzeen (T=180CC) leidt tot de 
bicyclische trienen 31 in redelijke opbrengsten. Deze trienen 31 kunnen beschouwd worden als 











Samenvattend kan worden gesteld dat het onderzoek beschreven in dit proefschrift heeft 
geleid tot een nieuwe methode voor de optische resolutie proces van tricyclo[5.2.1.02·6]-
decadiënonen 1 uitgaande van tricyclisch enol 14 en gebruikmakend van chirale amines in een 
dynamische kinetische resolutie. De op deze wijze verkregen tricyclische enaminonen 15 
bieden goede perspectieven voor de enantioselectieve bereiding van cubaanachtige 
kooiverbindingen. De eerste resultaten geven aan dat 1,3-bishomocubanonen met een 
aminogroep op een bruggehoofd 21 interessante bouwstenen zijn voor stikstofbevattende 
cyclopentanoïde verbindingen. Zulke (geanneleerde) cyclopentanoïden kunnen interessant zijn 
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